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Nematic-liquid-crystal—air interface in a radial Hele-Shaw cell: Electric field effects
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The influence of an external electric fidlapplied to the nematic liquid crystal layesn the morphology of
the nematic-liquid-crystal—air interface has been studied experimentally in radial Hele-Shaw geometry. The
effective viscosityue; Of the nematic has been tuned by the electric fieldnd by the flow. At low excess
pressuregp, (where the growth of the interface is controlled mainly by the surface tengipthe appliecE has
no significant influence on the morphology of the interface, but decreases its normal velocity due to the
increase ofu.s. At higherp, (where the growth is not only controlled lay, but also by the kinetic term that
depends on the effective viscosi® significant difference in the morphology has been observed as a function
of E. Experiments have shown that the influence of the electric field on the pattern morphology increases with
the driving force(pressure gradient
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[. INTRODUCTION stabilization and the apperance of the dendritic pattern has
been attributed to the viscosity anisotropy at the[8p,34.

The Saffman_Tayk)fviscous fingering prob|em has been Rec_ently,_ it has been shown by numeric_al simulation for iSQ-
intensively studied, since it represents a relatively simpldropic fluids that non-Newtonian behavior can suppress tip
case of nonlinear interfacial pattern formation—see, e.g.?p“tt'ag and produce dendritic growth with side branches
Refs.[1-4]. 27,30. L . ,

For the interface between two close parallel plates with N nématic liquid crystals the director field (that de-
separatiord (Hele-Shaw cel[5]) where the less viscous fluid SCibes the orientation of the nematic phesed the velocity
drives radially the more viscous one, experimental resultd€/d v are coupled by nonlinear nematohydrodynamic

agree well with the linear stability analygi6]. Later stages €duations—see, e.g., Ref89,40. However, detailed analy-
of the interface growth in the radial geometafter breakup sis based on the precise nematohydrodynamic equations

of the initial circl® are less understood than those of theWhich would allow quantitative comparison with experi-

channel flow. For isotropic fluids, the pattern continues to"€NtS is not available at the present. Questions such as the

evolve through repeated tip splitting to form more and mordNt€rplay between viscosity and elasticity as well as the com-
fingers. pgtmon beftween the surfacg tensmn ar_1d viscosity anisotro-

An external perturbation or an imposed anisotropy carP!€S are still open. The motivation of this wor_K was to con-
change dramatically the Saffman-Taylor finger and can eveffibute to the solutl'on oflthese' problems, specmc_ally to study
depress the tip-splitting process. Experimefits 12 have the effect of the viscosity anisotropy along the m_terface_ by
demonstrated the important role of the introdueedernal ~ 2PPlying an electric field that provides a tool for fine tuning
anisotropy(gas bubble in front of the finger, grooves, or grid ©f the viscosity between its two limiting values. Namely,
engraved on the bounding platés viscous fingering. using nematic liquid crystals with dielectric anlsc_)trqpy _

Other possibility is to introduc@ntrinsic anisotropywith ~ — |~ €. >0 (g ande, are components of the uniaxial di-
the use of non-Newtonian or complex fluissually as a electric tensor parallel and perpend|cuIamqe;pecuvel}a
more viscous fluillwhere shear thinning/thickening effects, @1d applying an appropriate external electric figlgerpen-
or plastic/elastic effects, result in a much richer morphologi-dicular to the plane of the cell, one can tune the effective
cal diagram than that for isotropic fluids. Despite the com-VISCOSItY ueis Of the more viscous fluid in the shear plane
plexity of the governing equations, interfacial instabilities in With pe andE. To our knowledge, this is a unique system in
such fluids are subject of rapidly developing research bothvhich different ue; could be assured for the same excess
experimentally [13—25 and theoretically or numerically Pressurepe. When the shear torqUe0] exerted on the di-
[26—31]. Besides the challenging basic research issues, the$gctor is much larger than the electric torqlregh p, and
studies are of pronounced technological importance. low E, elastic torques are negligible in our casthe effec-

A number of experiments has been done in systems witfVe ViSCOSity e~ 7;. In the opposite case, when the elec-
nematic liquid crystals as the more viscous fluid where bottfic torque is much larger than the shear torque, we have
the shear thinning and elastic effects are combined, see e.dtetr~ 72 (71 and 7, are the corresponding Miezowitz vis-
Refs.[32—38. Four basic types of morphologies have beencosity coefficients—see, e.g., R#40]). Consequently, in the
found in these systems: tip-splitting branches, dense branci§Xperimentsu.; can be tuned in the range of
ing, sparse dendritic, and dense dendrii,35. The tip TS ot < Ta. (1.1)
Finally, one should mention that the reorientation of the

*Corresponding author. Present address: Physics Departmerdirector tunes the surface tensionof the air-nematic inter-
Kent State University, P.O. Box 5190, Kent, OH 44242-0001.  face too in the range of
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whereo| ando, are the surface free energies for the inter- p.=14mbar
face parallel and perpendicular o respectively. However,
the change in the surface free energy frofrto o, is in the
range of only 20—-50 % for different nematic substar{@ds,
while the anisotropy in the viscosity is much largef;
=5y, far below the nematic-isotropic phase transition tem-
perature Ty)—see, e.g., Ref§42,43.

. o

P. = 38mbarpsn

Il. EXPERIMENTAL SYSTEM FIG. 1. Influence_of the electri_c field in (_:eII 1_ filled with ZLI-
2116-100. Two series of experiments with differept at T
In the experiments two commercial liquid-crystalline sub-=32°C. For each subfigu=0 in the upper half plane, while in
stances have been used, both having positive dielectric athe lower half planeE=0; 0.16 V/um; 0.50 Vium for p,
isotropy and a broad temperature range of the nematic phase:14 mbar andce=0; 0.31 Vium; 0.50 V/um for p,=38 mbar.
ZL1-2116-100 (Merck, e,=3.7, Ty;=95°C) and RO-TN-
430 (La Roche,e,=17.6, T\ =70°C). Both substances  One of the most critical issues in the viscous fingering
have been doped with dichroic blue dye D16 British Drugexperiments is the plate deformatih3,15,23. Following
House in order to enhance the contrast at the air-nematige work of Ref[13], we have estimated the deformation of
interface, and to enhance the visual effects of Changes in thﬁe g|ass p|ates occuring under pressure. Even under the
orientation ofn. most pessimistic assumptiottsigh pressure, large lateral di-
Two different radial Hele-Shaw cells have been used. Celmensions, 3.1-mm-thin platest appears that the plate de-
1 was made of 3.1 mm thick glass plates. The whole inneformation did not exceed 6% of the cell gap. Based on an
surface of the bottom plate of dimensions §80) mnf and  independent test performed in REE5], we assume that this

only one-half of the upper plate of dimensions (80 does not effect the pattern morphology significantly.
% 80) mnt have been coated with SaOSuch electrode ge-

ometry has allowed to appli only on one-half of the cell
and consequently, to study pattern forming processes with . RESULTS
different u¢s sSimultaneously. Cell 2 was made from 5.5 mm
thick float-glass plates. The inner surfaces of both bottom
and upper plates have been coated with a conductive layer. Simultaneous observation of the pattern evolution with
The dimension of the squared bottom plate was (16@&nd withoutE has been performed using cell 1, where only
% 160) mnt, while the circular upper plate had a diameterone-half of the cell has been exposedEtoConsequently, in
of 140 mm. In most of the experiments the plates were sepghese experiments for given valuesmfandE one has dif-
rated byd=100 um thick spacers. Air was injected at con- ferentues; in the two halves of the cell. Fig. 1 shows two
stantp, through the hole of 1 mm in diameter in the center ofseries of such experiments witp.=14 mbar and p,
one of the plates. The inner surfaces of the bounding glass 38 mbar and with differer ranging from 0 to 0.5 Vam.
plates had no special treatment except a careful cleaninghe cell was filled with ZLI-2116-100 and the temperature
This cleaning procedure, however, gave a homeotropic arwasT=32°C. As it can be seen, the motion of the interface
choring (i.e., director perpendicular to the plateshenp, is slower in the half plane wher is applied.
=0. The director orientation has been detected by means of In Fig. 2@), the ratioA,/A (A is the complete area of the
birefringence. pattern andA, is the pattern’s area in the half plane wkh
The pressure of the filtered air has been regulated by-0) has been plotted as a function®for different values
ported precision regulatgmodel: Norgren 11-818-10@vith of pe ranging from 5 mbar to 38 mbar. Ideally, fB=0 one
an accuracy of-0.03 bar. A unit for pressure reduction has should haveA,/A=0.5. Figure 2a) shows thatA,/A is
been also used that decreases further the pressure and shightly above 0.5 for all values gi, in case ofE=0. This
hance its stability. The path of the air has been controlled bys presumably caused by the differences in wetting properties
two three-path solenoid valves. The presspgehas been (one-half of the upper plate is coated with Sn@®hile the
measured by precision pressure méwatson&Smith with other half is not For low p., the ratioA,/A decreases and
an accuracy oft1 mbar. The temperature of the cell has saturates to the value of about 0.1 already at low valués of
been regulated by a hot stage with an accuracy @fC. In  Naturally, the highep, requires higheE for such saturation.
all the experiments in whick has been applied we used an  One can construct a “threshold curvé&,,(p.) that di-
ac field with a frequency of 1 kHz. The growth processesvides the so called basic state from the state perturbe by
have been recorded onto video tape. The recorded imagés the (pe,E) plane. In the basic state the influencetobn
were fed into a PC for digital analysis, with spatial resolutionthe interface motion is not detectablee., A,/A=0.5 or
of 512x 512 pixels and 256 gray scaling for each pixel. With slightly larger because the above described differences in the
the magnifications used in the experiments spatial resolutionsetting properties contrary to the perturbed state where
of (0.175x0.123mn?/pixel and (0.24k 0.166)mn¥/pixel  A,/A<0.5. Such a threshold curve is presented in Fib) 2
have been determined for cell 1 and cell 2, respectively. and it appears to be linear as a functionpgf

A. Electric field effects
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0.6 T T T r B. Temperature effects
iy —8— - p,=Smbar L i . i
05 o - p,=8mbar Similar experiments to that presented in Fig. 1 have been
—a— - p=l0mbar performed at different temperatures ranging from 30 °C
0alk —— - p,=12mbar to T=97°C. The latter temperature is just above the
—— - p.=14mbar nematic-isotropic phase transitidi,=95°. Figure 3 shows
< 03} - p=38mbar the time evolution of the interface f@,=12 mbar at three
;« different temperaturesT=31°C, T=92°C (both in the
o2t i nematic phage and T=97 °C (in the isotropic phage The
interface motion becomes faster as the temperature increases.
o1k J This is in accordance with the temperature dependences of
I the viscosity coefficients—see, e.g., R4#2,43.
0.0 L . L . L . L N L The ratio ofA, /A is also indicated in Fig. 3. F&E=0 on
0.0 0.1 0.2 03 0.4 05 both half-planes of the cell, the value &,/A has been
a. E (V/um) found for eachT to be slightly above 0.fsee Figs. G—0]
due to the differences in the wetting properties on the two
0.30 ———————————————————————— ) _ _ g
. parts of the cell described in the preceding section. EEor
ozsh 1 =0.5 V/um on the bottom half plané,/A has been found
) to be much smaller than 0.5 in the nematic phiase Figs.
Z oz0lk | 3(d) and 3e)] due to the much highei.;s in the bottom half
& perturbed state plane from that in the upper one. We found a jump in the
3_: o5k AJA<0S basic state 1 value ofA,/A at Ty, which shows that the effect is due to a
& AJAZ0S liquid-crystalline property, presumably the anisotropyuof
ot 1 In the isotropic phaseéi,/A is slightly below 0.5/ see Fig.
) 3(f)]. The small difference iM\,/A shown in Figs. &) and
o5 | 3(f) is presumably the consequence of a dielectric effect
) when the isotropic liquid witle is replaced by air witle.
000 . . . . In the nematic phase itself thé,/A also increases
o 10 20 30 40 50 slightly with the temperaturécf. Figs. 3d) and 3e)]. This
b. p, (mbar) can be understood by the temperature dependence of the Mi-

ezowitz viscosity coefficientg, and 7, in most of the nem-
FIG. 2. (& Ratio of A, /A versusE for differentp.. (b) The  atics, where bothy; and », decrease with the decrease of
“threshold curve” dividing the basic state from the state perturbedtemperature but with different slopesy, decreases faster
by E. with decreasing temperature thap (see Refs[42,43)).
Moreover, just belowly,, the slope ofp, changes sign—it
increases with temperature approaching the viscosity of the

A /A=0.534 Ay/A=D. 542 A,/A=0.511

E=0 E-o /\
E=0 \J E=o
C.

{0 @

A,/A=0.038 A,;/A=0.246 A /A=04T2
E=0
E=0.8V/ium E=0.5V. /'"-
E=0.5V/um
d. e. f,
T=31°C ‘e T=92°C . T=97°C
'} B

T, =95°C T

FIG. 3. Influence of the temperature and thattobn the interface motion fop.=12 mbar at three different temperatufes 31 °C,
T=92°C, andT=97 °C. The raticA, /A as well as values dt in both half planes are indicated in each part. Each part consists of contours
of the interface taken at subsequent times on top of each @tér=1.3s, 2.5s,3.95,4.95,6.35, 7419;t=0.3s, 06s,0.8s,1.15;
(c)t=0.3s5,065s,1.0s,15¢&l)t=2.8s,4.25s,535,6.6s,7.65, 8.6;t=0.3s,0.75,09s,10€¢)t=04s,0.7s,1.1s,15s.
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P, = 30mbar p, = 67mbar P, = 123mbar

tive difference in the velocities decreases with the increase of
pe. (compare elapsed times of the growth indicated in the
figure caption of Fig. %

At low p. with E off [Fig. 4@] the shear torque is still
large enough to produce flow alignment, i.e., one clearly ob-
serves a director reorientation from the initial homeotropic to
radial alignment whemp, is applied so thaty¢~ 7, and(if
one assumes that the flow alignment persists at the intgrface
o~ao, . Naturally, the same applies for highgg too [Figs.

4(b) and 4c)]. With E off even for the smallestp,

FIG. 4. Influence of the electric field on the pattern formation in =5 mbar(when the air bubble starts to grpa reorientation
the d= 100 um thick cell 2 filled with RO-TN-430E andp, are  of the director has been clearly detected by the means of
indicated in the figure. The elapsed times of the growth (@e birefringence. Note that in all experiments presented here a
55s,(b) 1.55s,(c) 0.4 s,(d) 26.5s,(¢) 5.1 5, andf) 1.2 s. dichroic dye has been used as a dopant to enhance the con-

trast at the interface, and all the images were recorded with a
isotropic phaseu., that is slightly larger thary, below smgle polarizer. Test measurements with t(@oossed po-
T In the nematic phase witB#0 [as in Figs. &) and Iarlzgrs hqve been also performed and .Ied tq the same con-
3(e)], one can assumg, i~ 7, in bottom half plane of the clusion: withE off for pe=5 mbar a reorientation front has
cell, while in the upper half plang.~ 7,. This assumption be_en observed in the form of rapidly advancmg circular re-
leads to the result observed in the experimedts/A in- orlentatlpn wave(however, with crossed_ polarizers the re-.
creases slightly with the temperature, the increment becomédrded images appeared more complicated due to a thin
more pronounced By, is approached, and one has a jump |qU|d-crystaII|ng layer Ief_t behllnd_ fche air-nematic interface
in A,/A at Ty,. Moreover, with the above described as- due to the wetting red.ucmg'3|gn|f|cantly the cont}§1§the
sumptions one can explain that the interface motion is sIowe‘PbserV"’ltlon of the reorientation wavepat=5 mbar(with E

i the | ic oh : Ja. [Fid. than that i off) is in accordgr_lce v_vith previous studies_tha_t have also
er:et neeﬁggg%lﬁ ;)S eajsuestjli)sélgvt;:: [?é: g[ é?b)?(?llxmz[; inatrlz shown that the initial alignment of the nematic director does

' N ; not influence the patterrisee, e.g., Ref38]) and therefore,
f;rst. cas\;;hicl)ge iasww 71 and in the fatler €asguerr o elastic torque is much smaller than the shear torque in
Hiso N> Hiso- any of the experiments presented here.
With E on, however, at lowp, [Fig. 4(d)] the electric
torque turned out to be larger than the shear one—
The strong influence oE on the interface motion has homeotropic orientation has been clearly detected even close
been demonstrated in the cell 1 that allowed observation o the interface—so thaj.¢~7, and o~o. Conse-
the pattern evolving witlE on and off simultaneously in a quently, at lowp, by applying strong enough, . (that
single experimental run. However, this cell geometry hadnfluences the time scale of the growthcreases by a factor
some disadvantages: besides the different wetting properties about 3—4 compared to the caBe=0 (for estimation of
on the two half plane< is inhomogeneous near the line that the viscosities withE off and on see the following sectipn
divides the two half planes, moreover, this line may represeriThis explains why the pattern shown in Fig(d# grows
an external anisotropy. For these reasons, cell 2 has beenuch slower than that presented in Fig@4 Surface
used for direct comparison of the patterns appearing ®ith tension—which at lowp, mainly controls the growth of the
off and E on. interface—differs also withe off and on, but this difference
Two series of experiments(with E=0 and E  should not be larger than tipically 30% according to Refs.
=0.5 V/um) have been carried out at room temperaftlire [42,43. Such a relatively small difference between and
=23°C forp, ranging from 30 mbar to 123 mbar. Figure 4 o could explain the similarity of the morphologies shown in
shows snapshots of the patterns for diffenegand for both  Figs. 4a) and 4d).
E=0 andE=0.5 V/um in thed=100 um thick cell filled At intermediatep, [Fig. 4(e)], however, the shear torque
with RO-TN-430. Obviously, the difference between thebecomes comparable with that of the electric. The director
morphologies withE off and E on becomes more pro- field has been found experimentallggain by means of bi-
nounced for highep,. At low p,, patterns observed wite  refringence to be inhomogeneous. Just in front of the tips a
off and E on are similar: in both cases the interface evolvesdeviation from the homeotropic alignment has been detected,
through repeated tip splittingf. Figs. 4a) and 4d)]. In the  while in other parts of the celat the lateral sides of the tips
intermediate range ob. the qualitative difference between and far from the interfagethe orientation remained homeo-
the patterns withe on and off is obvious—the pattern with  tropic. In this case the balance of the electric and shear
on is rather side branchirfglendritic, Fig. 4e)], contrary to  torques presumably results in a director field which makes an
E off where it is more tip splittindFig. 4(b)]. For largepe, angle larger than the Leslie angBy, with the velocity. This
however, tip splitting has been observed for bBtloff and  means that both the viscosity and the surface tension become
on, but in the latter case the pattern was found to be moranisotropic in the shear plane near the tip that leads to stabi-
spars€cf. Figs. 4c) and 4f)]. The velocity of the interface lization of the tip and to a transition from tip splitting to side
is much lower withE on than withE off; however, the rela- branching as seen in the experimeftcs. Figs. 4b) and

E=0.5V/um|

C. Circular cell geometry
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p = 20mbar p = 70mbar 120
&&’ \,\", 2 E = 0; from linear fit:
E=0 1O = 100 6=(1.25 % 0.03)x 10°2N/m
x@‘t "h.\‘.’
a. |b. c. 80 n
Py
\"// s“"”}a E
E=05Vium @ = - ) =N Z 60 - -
i WS 7',, v?‘\\\ ~—
d 1, 2cm g
le. o 40 .
FIG. 5. Growth from an initial circular bubble in the
=100 um thick cell 2 filled with RO-TN-430E and p, are indi- 20 - .
cated in the figure. Each part consists of contours of the interface ]
taken at subsequent times on top of each otf@rt=0, 6.9 s, [ —— — — —— — — o — —
135s; (b) t=0, 0.3s, 0.7 s:(c) t=0, 0.1's, 0.3 s:(d) t=0, 0 1000 2000 3000 4000 5000 6000 7000 8000
20.5's, 49.7 s(e) t=0, 1.0's, 25 s{f) t=0, 0.2 s, 0.6 s. (3m"%-1) In(R, /R)+1

o ~ FIG. 6. Rough estimation of the surface tension from the linear
4(e)]. On the other hand, deviations from the homeotropicstapility analysis for RO-TN-430.

alignment in the intermediatg, range lead to the decrease
of the viscosity in the shear plane compared to that in th

low pe range. This explains the lowering of the relative dif- increase of the alcohol content the branching growth has

ference in the interface velocities for intermedigte[Figs. L - L
A(b) and 4e)] compared to that for lowp, [Figs. 4a) and Poeﬁzrsg%przgﬁed resulting in less space filling pafteamilar

4(d)].

For largep, [Fig. 4(f)], deviation from the homeotropic
alignment in front of the tip is even more distinguishable and
the tip splitting reappears. However, far from the interface Inhomogeneities on the bounding glass plate at the hole
and at the lateral sides of the tip the orientation remainsised as inlet for the air may influence the number of fingers
nearly homeotropic with larger effective viscosity than thatformed in the fingering process. Therefore, one can obtain
in front of the tip, producing more “elongated” tips com- much more precise experimental results starting the growth
pared to those wittE off [Fig. 4(c)] and resulting a more from an initial air bubble kept in equilibrium at a finite ra-
sparse pattern. The observed reappearance of the tip splittinjus. Figure 5 shows contours of patterns grown in similar
growth mode is in accordance with other experiments in lig-condition as those in Fig. 4, but starting the growth from an
uid crystals, where dendritic growth has been detected onlinitial air bubble. Qualitatively, the main characteristics of
in a certain range o, [34,38. In Ref. [34] it has been the patterns in Fig. 5 are similar to those presented in Fig. 4:
shown that for the tip stabilizatiofside branching, dendritic the difference between the morphologies witoff and on
growth), a critical value of the viscosity ratin,/u, (u, and  becomes more pronounced by the increaspgofat low pe
u, are the viscosities in the tangential and in the radial dithe patterns witte off and on are quite simildicf. Figs. 5a)
rection to the tip is needed. This is the reason why stableand 5d)]; the velocity of the interface is much lower with
dendritic tips are observable over a certain rangpobnly.  off than with E on, but the relative difference in the veloci-
Namely, at highp, (high Er) the probability of defect cre- ties decreases with the increasepgf(compare the times of
ation (spatial inhomogeneities in) increases, and shear in- growth indicated in the figure caption of Fig).5The only
stabilities can also occur. Both of these phenomena tend texception is that the tip stabilization in the intermediate
destroy the laminar flowand the shear alignmeérand with ~ range ofp, is not so obvious in Fig. ®) as in Fig. 4e).

Sected [similar to that shown in Fig. @)], while with an

D. Destabilization of the circular bubble

that, the viscosity anisotropymaintaining the stable den- One can make a rough estimation @fby observing the
dritic growth) tends to diminish resulting in the reappearancefirst destabilization of the circular interface. Namely, neglect-
of the tip splitting growth mode. ing the kinetic term(acceptable approximation at low,

Note the striking similarities between our Fig. 4 and ex-only), linear stability analysis of the circular interface leads
perimental results obtained in aqueous glycerol and hydroxto the expressiofi33]
ypropyl methyl cellulose(HPMC) solutions where an in-

. . 1/2
crease of isopropyl alcohol content led to a decrease @3 ( PeR B 1)
well as an increase im [21,27, i.e., to a similar situation . |1 o
that is achieved by application & in our experiments. For m== 3 In(—RolR) +1 (3.0

the Newtonian glycerol solutions the increase of the isopro-

pyl alcohol content caused finger narrowing and an increase

of the number of fingers. In contrast, for the shear-thinningor the fastest growing moda*. HereR is the radius of the
HPMC solutions, a morphological transition has been re<ircular interface and is the cell radius. Consequentiy*
ported[21] with the increase of the alcohol content. Without is independent of the viscosity and depends only on the ratio
isopropy! alcohol a highly branched pattern has been deef p./o. Experiments at lovp. (where the kinetic term can
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To our knowledge for the materials used in present experi-
ments the viscosities and the elastic constdfitsare not
available(in fact, our experiments gave only an admittedly
crude estimate of the corresponding Miesowitz viscosity co-
efficients. Moreover, an applied electric field gives an extra
torque counteracting the flow alignment of the director. All
these facts prevent us to give a precise quantitative calcula-
tion of the corresponding Ericksen numbeEr
= uev,d/K; and the torquek; acting. However, taking the
known parameters for our substance and substituting the
missing ones with data for a commonly used liquid crystal
MBBA, we can make an estimation &r and the torques.

2~0x1°‘:f T s s e 7 s s o First, we can roughly estimate the velocity,, of the
t(s) front at which the complete flow alignment should octor
details see, e.g., Ref40Q]). These calculations give, e,

FIG. 7. Estimation of effective viscosities for RO-TN-430 with ~4x 10> m/s leading to arEr~100 (taking the known

E off (open circleg andE on (filled circles. Leslie viscosity coefficientsy; and the relevanK; elastic
coefficient for MBBA—see, e.g., Ref45]). On the other

be omitted in the isotropic phase of liquid crystal 8CB gave hand, our measurements made at the lowgst5 mbar give

results in good agreement with E@.1) [33]. v,~40%X 10 ° m/s andEr~1000, i.e., both the, andEr

Figure 6 shows a graph for such estimation of the surfacéarger by about an order of magnitude than the values where
tension withE off (which would correspond to-, assuming the complete shear alignment should take place. This means
flow alignment in the sampjeFrom the slope of the fitted that already at the smallept applied we are well above the
straight line a value ofr, =(1.25-0.03)x10"2 Nm has reorientation threshold as experimentally observed.
been obtained, which is a slightly smaller val(ley about Second, a rough estimation of the torques acting on the
30-50% from those obtained for several other nematic-unit of volume in our experiments leads us to the following
liquid-crystal—air interface$41]. As one can see in Fig. 5 results: (i) elastic torqueI'q=0.01 N/nf, with K;=7
(second contours in timethe number of perturbations for x 10 12 N measured for MBBA(ii) electric torquel'g=n
the first destabilization of the circular interface does not dif-x[e,(n- E)E/4m]~3 N/m? with E=0.5 V/um applied in
fer significantly for E off and E on for a givenp.. This  our experiments(iii) shear torque in case shown in Figdp
indicates that the anisotropy of the surface tension is smallég I' = a,v,,/d~0.3 N/n¥, while for that shown in Fig. &)
than that detectable with such a rough estimation method. I';~4 N/n? (a,=—0.0775 Pas taken again for MBBA

From the growth of the circular interface one can estimate As one can see agaifi, is negligible compared td'
the value of the effective viscosity. Namely, the normal ve-andI'z. Note also that at smaf, [Fig. 5(d)] I'e>T and
locity with which a circular interface propagates is given by consequently, the homeotropic orientation should persist as

4.5x10 |

4.0x107 |

3.5x10% |

3.0x10% |

R¥[In(Ry/R+1/2] (m %)

2.5x10* o E off; d®p /Bugy = 7x10° m¥s |
e Eon; dzpeleue,, = 2x10°% m¥s

[34] observed in the experiments. At=70 mbar, however g
~I'g and a competition occurs between these two torques: on
_ d? 1 1 1 the spatial spots in Fig.() wherev, is relatively large(in
U“_@ Pe= 0 R Ry/|RIN(Ry/R)" (3.2 front of the tipg I'g prevails and the director reorients. This

explains the experimental observation of the nonhomogeneus

If one neglects the termr(1/R) — (1/R,)] (which is in our  director field at thiand largey pe .
case by orders of magnitude smaller thmi, one can obtain

from Eq. (3.2
IV. CONCLUDING REMARKS

— dzpet (3.3 We have shown experimentally that a morphological tran-

6u sition can be induced at the air—nematic-liquid-crystal inter-
face by applying an appropriate electric fickd Namely, a

i.e., by plotting the left hand side of E(B.3) as a function of  strong enouglE (for a givenp,) reorients the director field

t (Fig. 7), the slope gives the value dfp./6x from which  which tunes the viscosity, the surface tension, and the anisot-

the viscosity can be calculated. From the slopes in Fig. Fopy of these quantities in the shear plane.

values of 7;~ uet=0.045 Pas(with d=100 um and p, We have also estimated material parameterand we¢

=1900 Pa) andn,~ u.s=0.167 Pas(with d=100um  (quantities which are not easy to determine experimentally

and p,=2000 Pa) have been obtained withoff and on, and we found values that are in a reasonable agreement with

respectively. These values are in the range of the viscositiehe values measured for other nematic liquid crystals.

measured for other nematic liquid cryst@2,43, and re- The experimental observation that the morphological tran-

flect the high anisotropy in the viscosifgommon to nematic sition occurs at highep., and since the anisotropy in the

liquid crystalg, which presumably plays a decisive role in viscosity seems to be much larger than that in the surface

achieving morphological transitions presented above. tension, indicates that the high anisotropy in the viscosity

R2

ol R, L
"R]"2
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plays a decisive role in achieving the presented morphologi- ACKNOWLEDGMENTS
cal transitions.
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