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It is a fundamental physical problem how a state is selected in a nonequilibrium steady state where the
energy is continuously dissipated. This problem is common to phase transitions in liquids under shear flow and
those in solids under deformation or electric current. In particular, soft matter often exhibits a strong nonlinear
response to an external field, since its structural susceptibility to the external field is extremely large due to its
softness and flexibility. Here we study the nucleation and growth process of the lamellar phase from the sponge
phase under shear flow in a bilayer-forming surfactant system. We found an interesting shape selection of
lamellar nuclei under shear flow between multilamellar vesicles �onions� and cylinders �leeks�. These two types
of behavior are separated sharply at a critical shear rate: a slight change of the shear rate is enough to switch
one behavior to the other. We also found that, under a sufficiently strong shear flow, nucleated onions decrease
their size with time, and eventually transform into leeks. This suggests that leeks may be the stable morphology
under steady shear flow. However, the stability is limited only to the lamellar-sponge coexistence region. When
a system enters into the lamellar phase region by further cooling, leeks lose their stability and break up into
rather monodisperse onions, presumably via Rayleigh-like instability of a fluid tube. On the basis of these
results, we draw a dynamic state diagram of smectic membrane organization under shear flow.
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I. INTRODUCTION

Nucleation and growth of an ordered phase from a disor-
dered phase is a key kinetic process of first-order phase tran-
sitions. This process has been intensively studied both theo-
retically and experimentally, due to its fundamental
importance. In most cases, however, this problem is studied
for a quiescent state. Recently, phase ordering under shear
flow has attracted considerable attention from both scientific
and applications viewpoints. It is of fundamental importance
to reveal the principle of pattern selection in a nonequilib-
rium state. In terms of applications, we may be able to create
novel structures that cannot be formed in an equilibrium state
without shear. A related important problem is the relation
between structural evolution and rheological behavior. On
this problem, there have recently been extensive studies on
the behavior of complex fluids such as polymer solutions,
surfactant solutions, colloidal suspensions, and emulsions
under shear flow �1–6�. These fluids often exhibit a strongly
nonlinear response to shear fields, reflecting the soft struc-
tural response to shear flow, and sometimes exhibit shear
banding �spatially inhomogeneous flow� �7�. Chaotic or non-
linear oscillatory responses to shear fields have also been
reported �8,9�. This complex spatiotemporal ordering behav-
ior in a nonequilibrium state is also a matter of current inter-
est.

It is the aim of this paper to shed further light on the
problem of pattern selection of soft matter in a nonequilib-

rium steady state. Here, we study a morphological selection
of lamellar domains upon continuous cooling under a steady
shear flow in bilayer-forming surfactant and water mixtures
�10–18�. One of the most striking phenomena in these sys-
tems is the formation of multilamellar vesicles �onions�, in-
duced by the application of shear flow to the lamellar phase
�10,11,17–24�. For onion formation, both nucleation �18� and
a bulk instability scenario �10,19,24� have been suggested.
The size of the onions formed from a lamellar �L�� phase is
known to obey Rc� �̇−1/2 in steady state �9–11,23,25�,
whereas the characteristic length just before onion formation
obeys Rc� �̇−1/3 �19,24�. The size of onions formed from
L�-sponge �L3� coexistence is, on the other hand, known to
obey Rc��� /���̇−1, where � is the interfacial tension and �
is the shear viscosity �1,2,17,23,26,27�. Furthermore, Panizza
et al. reported that a large stepwise increase of shear induces
the breakup of onion droplets into smaller ones of an equal
size without any elongation �26�. In phase-separating poly-
mer solutions �2,3� and colloidal suspensions �6�, on the
other hand, it was reported that strings aligning along the
flow direction are formed under a high shear rate, and the
tube radius Rt is proportional to �̇−1/3. In a mixture of sodium
bis�2-ethyl-hexyl� surfo-succiate �AOT� and brine, Courbin
et al. found stringlike elongated structures, which were con-
sidered to be made of the sponge phase �9�. Similar multila-
mellar cylinders �leeks� �25,28,29� and ribbons �30� were
also reported for lyotropic liquid crystals under shear.

Here, we experimentally study nucleation of the lamellar
phase from the homogeneous sponge phase upon cooling
under a steady shear flow. We use a binary mixture of non-
ionic surfactants and water: Nonionic surfactants spontane-
ously form bilayer membranes, which further form lamellar
or sponge structures, depending upon the temperature and
the concentration. In our experiments, we keep the shear rate
constant and decrease the temperature at a constant cooling
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rate. Thus, the formation of the lamellar phase is primarily
induced by a temperature reduction, but shear flow affects
the nucleation and growth process of the lamellar phase sig-
nificantly. We note that this is different from an often-used
experimental procedure, in which the temperature is kept
constant and the shear rate is changed. In this case, shear
flow is the main driving force of a transition. We describe the
details of our experimental results and implications below.

The organization of this paper is as follows. In Sec. II, we
describe details of our experiments. In Sec. III, we show the
experimental results and discuss them. In Sec. IV, we sum-
marize our paper.

II. EXPERIMENT

The system we used is a mixture of triethyleneglycol
mono-n-decyl ether �C10E3� and water. C10E3 is a nonionic
surfactant and it spontaneously forms bilayer membranes in
a certain region of the temperature T and surfactant concen-
tration �, when it is dispersed in water �see �20� for the
overall phase diagram�. The phase diagram is shown in Fig.
1 �see also �20,31��. The membranes further form a higher-
order structure, such as a sponge or lamellar structure. At a
rather dilute surfactant concentration, the L3 phase trans-
forms into the L� phase, passing through the coexistence
region upon temperature reduction �see Fig. 1�, indicating
that the L3-L� transition is a first-order phase transition. The
lamellar structure is stabilized by Helfrich repulsions be-
tween membranes of purely entropic origin. In the coexist-
ence region, membranes spontaneously form onions �see,
e.g., �31,32��. The membrane thickness is about 2.8 nm. For
low � �� a few percent�, the intermembrane spacing d can
reach the order of a few hundred nanometers, comparable to
the wavelength of the visible light. Rheological measure-
ments are performed by a rheometer �Reologica Instruments,
StressTech rheometer� in a cone-plate geometry �cone angle
1° and diameter 4 cm�. Evaporation of a sample was pre-
vented by saturating the air in the shearing cell with the
water vapor. This is achieved by placing a sealing cover over
the cell. The samples were presheared for 5 min under �̇
=10 s−1 in each experiment.

For structural observation under shear, we used a shearing
cell �Linkam CSS-450� equipped with an optical microscope
�Olympus, BH2� and a high-speed camera �Vision Research,

Phantom V5.0�. Usage of a high-speed camera is essential to
observe morphology without flow-induced image distortion.
This shearing cell is made of two parallel glass plates �diam-
eter 3 cm� whose gap was set to 100 �m. Although the shear
field in a parallel plate geometry is not uniform, we con-
firmed that the local shear rate at an observation point where
a morphological transition is observed in this cell coincides
well with the shear rate where the corresponding rheological
transition is observed by the above rheometer. This coinci-
dence may reflect the quite slow material transport along the
radial direction due to the gradient in the shear rate. Further-
more, since we did not notice any dependence of structures
on the depth of the focal plane �along the shear gradient
direction�, we believe that in our experiments the shear rate
is uniform in a macroscopic sense in the shearing cell, and
only inhomogeneous on the length scale of the structures
observed; in other words, there is no macroscopic inhomo-
geneity. These facts may rationalize the comparison of rheo-
logical and optical microscopy measurements in a direct
manner.

III. RESULTS AND DISCUSSION

A. Rheological signature of two types of nucleation behavior

First we show the T dependence of the viscosity � of two
systems ��=5 and 10 wt %� upon cooling through the L3-L�

transition under several shear rates in Figs. 2 and 3, respec-
tively. Upon cooling from the L3 phase to the L3-L� coexist-
ence region with a rate of 0.1 K/min, the L3-L� transition
occurs. We found the following surprising behavior: for low
shear rates, � increases when the L� phase is nucleated,
whereas for high shear rates, � decreases. A small change of
the shear rate leads to an entirely different T dependence of
�: A sharp bifurcation occurs at a critical shear rate �̇c, which
is around 30 s−1 for 5 wt % �33� and between 750 and
760 s−1 for 10 wt %.

Figure 4 shows the dependence of �̇c on the cooling rate.
For a cooling rate faster than 0.1 K/min, �̇c decreases with
an increase in the cooling rate. For a cooling rate below
0.1 K/min, on the other hand, �̇c becomes more or less in-
dependent of the cooling rate. This means that the character-
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istic rate of nucleation of the L� phase is faster than
0.1 K/min. If a cooling rate is too slow, on the other hand,
evaporation of a sample starts to cause a problem even under
sealing. So we mainly employed the cooling rate of
0.1 K/min. The data shown below were measured with this
cooling rate.

Here we show the sharpness of this bifurcation, or how
sharply the viscosity behavior upon cooling depends upon
the shear rate in Figs. 5 ��=7 wt %� and 6 ��=10 wt %�.
For both cases, we perform sequential experiments by keep-
ing the same sample in the rheometer for different shear
rates. After one experiment, we heated the sample to form
the homogeneous sponge phase and presheared it to have a
reproducible initial shear rate. With this sequential proce-
dure, the critical shear rate can be determined to a very high
accuracy �on the order of 1 s−1�. This surprising sensitivity
seems to characterize this bifurcation phenomenon con-
trolled by the shear rate. We note that this level of sensitivity
applies only to the above special procedure. For example,
both Figs. 3 and 6 are for �=10 wt %, but there is a small
difference in �̇c between the two measurements, which used
different samples of the same composition: In Fig. 6, the
bifurcation is observed when the shear rate is changed only
from 761 to 763 s−1, whereas, in Fig. 3, the transition has
already occurred for �=760 s−1. Note that these two results

are from independent measurements, and not from sequential
measurements.

B. Morphological signature of two types of nucleation
behavior

To investigate the cause of the two types of �-T patterns,
we made optical microscope observations. Figure 7 shows
optical microscope images of a sample ��=5 wt %; �̇c
=30 s−1� during the temperature reduction from 36.5 °C �L3
phase�. For �̇��̇c �Figs. 7�a�–7�c��, the L� phase is first
nucleated as deformed onions. Upon further cooling, the on-
ions grow in size and the number density of onions also
increases, and finally the system is filled up predominantly
with polydisperse onions. For �̇��̇c �Figs. 7�d�–7�f��, on the
other hand, the L� phase emerges as leeks �34�, aligning
along the flow direction. Upon further cooling in the L3-L�

coexistence region, the number density of leeks increases,
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but their thickness remains more or less the same. When the
temperature is further lowered into the L� phase region,
where there remains no L3 phase outside leeks, the leek
structure is destabilized and breaks up into rather monodis-
perse onions �see Fig. 7�f��. Although in Fig. 7 we show only
two cases, where �̇ is much higher and lower than �̇c, the
basic features are common even rather near the critical shear
rate.

We also confirmed by microscopy observation that, if we
stop shearing after the formation of leeks, the leeks break up
into onions within about 10 s. This breakup is due to
Rayleigh-like instability of a fluid tube �35�. This indicates
that leeks are stable only under shear.

C. Nucleation of the lamellar phase under shear

Figure 8 demonstrates the �̇ dependence of the tempera-
ture width of the coexistence region, 	T. We estimate 	T
from the distance between the upper inflection point and the
peak temperature of the T dependence of �. 	T steeply de-
creases with an increase in the shear rate �̇, accompanying a
small jump at �̇c. Above �̇c, the �̇ dependence of 	T be-

comes weak. We note that, at �̇=0, 	T should coincide with
the equilibrium value �see Fig. 1�. As can be seen in Figs. 2
and 3, the onset of the coexistence region upon cooling, or
the stability limit of the L3 phase, is rather insensitive to �̇.
Thus, the change in 	T is primarily due to the onset of the
L� phase region upon cooling. This apparently looks consis-
tent with the fact that, under shear flow, the L� phase is more
favored than the L3 phase, reflecting that the L� phase pre-
sents less resistance to the applied flow. However, since the
L� phase is made of onions and is not of a uniform lamellar
structure, this change may reflect the degree of increase of
the volume fraction of the lamellar phase �onions or leeks�
upon cooling. The rate of increase is faster for a higher shear
rate. The discontinuous change of 	T at �̇c seems to indicate
that leek structures flow more easily than onion structures. It
may be worth mentioning that the onion structure formed
below �̇c is not necessarily a steady-state structure, as will be
shown later. To make the mechanism clear, further studies
are necessary.

We confirm that, in the range of �=5–12 wt %, �̇c
�7.5
105�3 s−1, as shown in Fig. 9. Although the range of
� is rather limited, this relation seems to suggest that the
switching occurs when �̇ exceeds a characteristic time scale,
which is proportional to the inverse of a membrane recom-
bination time ��3��−3, where  is the intermembrane
spacing. At this moment, the physical process characterized
by this shear rate remains elusive, and should be clarified in
the future.

Here we characterize the size distribution of onions finally
formed in the stable L� region. Figures 7�g� and 7�h� clearly
show that onions formed under �̇=150 s−1 are much more
monodisperse than those formed under �̇=3.75 s−1. The key
origin may be the difference in pattern selection between
onions and leeks. Onions are formed primarily by a thermo-
dynamic driving force via the usual nucleation-growth
mechanism �a random stochastic process�. This growth
mechanism may be the origin of polydispersity; e.g., the dis-
tribution of the birth times may lead to the size distribution.
As will be shown below, onions formed below �̇c are not in
a steady state under shear, and thus the size selection under
shear does not necessarily operate in the process. On the
other hand, the thickness of leeks may be selected by the
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shear rate, and thus it is rather uniform; there is little growth
of leeks. Furthermore, onions are formed from leeks by a
Rayleigh-like instability characteristic of one-dimensional
tubes �leeks� of fluid nature. In this instability, the fastest
unstable growth mode of interface fluctuations has the wave-
length of a tube size, which leads to the breakup into rather
monodisperse droplets of the tube size.

D. Stability of lamellar domains under steady shear and
dynamic phase diagram

So far, we have described the difference in the lamellar
nucleation pattern between below and above the following �̇c
under continuous cooling. Now we show results on the sta-
bility of nucleated lamellar structures under shear flow at a
fixed temperature, using both rheological measurements and
microscope observations. Figure 10 shows the result of the
rheology experiment for �=10 wt %, for which �̇c=780 s−1.
In this experiment, first �0� t�1500 s� we lowered T from
40 °C �L3 phase� to 37.5 °C �L3-L� coexistence phase� at the
rate of 0.1 K/min. Then �t�1500�, we kept T at 37.5 °C.
For �̇=1000 s−1 ���̇c�, the L� phase is nucleated as leeks,
which leads to the decrease of � �see above�. Then, after
stopping cooling, � remains roughly constant with time �36�;
consistently, we confirmed by microscopic observation that
the leek structure also almost does not change for a long
time. This indicates that, at this shear rate, the leek structure
is more or less a stable morphology. For �̇=200 s−1 ���̇c�,
on the other hand, we observed the following interesting be-

havior. For �̇��̇c, the L� phase is nucleated as onions, when
the system enters into the L3-L� coexistence region from the
L3 phase region �see above�. This leads to a viscosity in-
crease: This might be because onions disturb flow fields as
colloids in suspensions. After stopping cooling, � first in-
creases gradually, but around 8000 s it suddenly drops, and
then becomes almost a constant value, slightly lower than �
of the initial L3 state.

To seek the origin of this peculiar viscosity behavior for
�̇��̇c, we observed the process by optical microscopy. Fig-
ures 11�a�–11�d� show the structural evolution in a sample of
�=10 wt % when we kept T at 37.5 °C after lowering T
from 40 to 37.5 °C at the rate of 0.1 K/min. The shear rate
is kept constant at �̇=200 s−1 ���̇c� throughout the experi-
ment. At t=600 s, after stopping cooling, the L� phase is
observed as onions, which are nucleated upon cooling. Note
that they are thermodynamically preferred to leeks due to the
lower interfacial energy per volume. As the time goes on, the
size of the onions monotonically decreases, and the polydis-
persity also decreases �see t=2000 and 4000 s�, and then
onions transform to leeks at t=8000 s. The last process cor-
responds to the sudden drop of the viscosity observed by
rheological measurements �Fig. 10�. This tells us that leeks
are preferred to onions under strong enough shear flow: Un-
like onions, leeks do not disturb flow fields, since they align
along the flow direction, and furthermore the elastic energy
cost of the leek configuration is lower than that of the onion
configuration.

When the size of the onions decreases gradually and the
polydispersity decreases, � gradually increases. The tempo-
ral change in the mean size of onions is shown in Fig. 11�e�.
Here, the point ��� at t=8000 s shows the average size of
leeks. Although the size of onions continuously decreases,
the topology changes discontinuously from spheres to cylin-
ders �no size discontinuity within the resolution�, which
leads to the sudden drop of �. An example of the �̇ depen-
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dence of Ri is shown in Fig. 12. Here, Ri is the initial average
radius of onions just after stopping cooling. The size of on-
ions initially increases with time during temperature cooling,
but it starts to decrease under shear after stopping cooling.
Thus, Ri can be regarded as the maximum average onion
radius. In this case, the initial radius of the onions, Ri, seems
to obey Ri��̇−0.7. At this moment, we do not know the un-
derlying mechanism determining Ri, and thus the above fit-
ting has no reliable ground. The tube radius Rt is, on the
other hand, proportional to �̇−0.5±0.2. However, we note that
this relation for leeks suffer from considerable errors. Thus,
it might even be compatible with the corresponding relation
for strings formed in phase separation under shear �3,6�: Rt
��̇−1/3. Scattering experiments, which can pick up the char-
acteristic size more accurately, are highly desirable. Con-
cerning the former relation for onions, we should note that
this initial state just after stopping cooling is not in a steady
state: Ri may be determined by kinetic factors, such as the
growth rate and decay rate of the onion size, and not by a
force balance condition, which is valid only for a steady
state. Thus, the R-�̇ relation mentioned above is nothing to
do with those described in the Introduction. In other words,
the only steady state configuration seems to be the leek struc-
ture in these conditions.

Figure 13 shows the shear-rate dependence of the incuba-
tion time for the onion-leek transition. The incubation time
fluctuates from measurement to measurement even for the
same conditions by ±�2–3�
103 s, but such fluctuations do
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20 �m. �e� shows the temporal change of 2R. The horizontal
dashed line represents the diameter of leeks finally formed, Rt.
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FIG. 12. �Color online� �̇ dependence of the initial size of on-
ions, Ri, for �=10 wt %. �̇��a� 100, �b� 200, �c� 300, and �d�
400 s−1. Scale bar corresponds to 100 �m. �e� �̇ dependence of 2Ri,
measured from images like �a�–�d�. We averaged the diameter of
onions for 20 onions randomly chosen, and plotted it in this figure.
The solid line is 2R��̇�=1052/ �̇0.7 �m. Although we do not make
any quantitative analysis, we can see that the polydispersity of on-
ions decreases with an increase in �̇.
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not alter the overall trend. The distribution of the incubation
time may shed further light on the nature of the transition,
but this problem remains for future investigation. We experi-
mentally confirmed that onions do not transform to leeks at
50 and 100 s−1, at least before 20
103 s. Although we are
not sure whether the incubation time becomes minimum or
zero at �̇c

low, it may be reasonable to define �̇c
low as a charac-

teristic shear rate. At this moment, we believe that the former
may be the case. We locate �̇c

low between 100 and 200 s−1

�more precisely, we set the upper bound to 170 s−1 instead of
200 s−1; see below�. Although we cannot completely rule out
the possibility that onions transform into leeks after a longer
time under shear, we believe that the existence of �̇c

lowitself
may be reasonable, noting that for a quiescent state ��̇=0�
onions are formed as the stable form �31,32� and there is no
transformation to leeks. So we suppose that, below �̇c

low, the
stable state of the L� phase is onions, which are formed via
nucleation upon cooling. Above �̇c, on the other hand, the L�

phase is nucleated as leeks, which are stable. Between �̇c
low

and �̇c, the transformation from onions to leeks takes place
after an incubation time. The incubation time exhibits a peak
at a certain �̇. We confirmed that for a lower shear rate the
difference between Ri and Rt is larger, whereas the shrinking
rate of the onion radius is faster for larger onions �see, e.g.,
Fig. 11�e��. Based on these facts, we speculate that the com-
petition between the amount of the overall size change �Ri

−Rt� and the rate of the change dR /dt may be the origin of
the peak: �Ri

RtdR�Ri−Rt� / �dR /dt� has a peak at a particular �̇.
This point needs further careful study.

Figure 14 shows images observed with optical micros-
copy at about 9000 s after keeping the temperature at T
=37.5 °C under �̇=170 �a�, 200 �b�, and 230 s−1 �c�. These
images are observed at about the same time in the same
sample. There is a spatial change in the shear rate along the
radial direction in the shearing cell made of two parallel
glass plates. This gradient exists even inside the observation
area �i.e., the optical window�, which allows us to see the
shear-rate dependence of the incubation time in this way. For
�̇=170 s−1, onions already transform into leeks, whereas for
�̇=230 s−1 they remains as onions, which is consistent with
the dynamic state diagram shown in Fig. 13.

Next we show the behavior of onions under shear after
cooling to a temperature in the L� phase region. The results
are summarized in Fig. 15. In the L� phase region, onions
seem to be stable even for long-time shearing. We also see in
Fig. 7�f� that the leek structure is destabilized when a system
enters into the L� phase region: leeks break up into rather

monodisperse onions there. These results indicate that the
existence of the L3 phase is indispensable for the stability of
the leek structure. This viscosity asymmetry between the in-
side and outside of a string may be a general requirement for
stabilization of string structures, including other cases �3,6�.

E. Summary of our observation

For a quiescent state and a weak shear flow ��̇��̇c
low�,

onions are nucleated and survive for a very long time. In this
case, onions seem to be more favored than leeks. Note that
the former have less interfacial energy than the latter, al-
though the elastic energy cost is larger in the former than in
the latter. For an intermediate shear rate ��̇c

low��̇��̇c�, leeks
are more favored than onions, but a cooling process leads to
a metastable onion state, and the transformation between on-
ions and leeks may present a barrier to overcome. It seems
that this barrier is reduced with a decrease in the onion size,
and becomes of the order of the thermal energy when the
onion size reaches the tube size of leeks to be formed at that
shear rate. Onions gradually reduce their size. Then when
they become a critical size Rt, they transform into leeks �see

(a) (b) (c)

FIG. 14. Microscopy images for �=10 wt % at about 9000 s
after keeping the temperature at T=37.5 °C for �̇=170 �a�, 200 �b�,
and 230 s−1 �c�. Scale bar corresponds to 100 �m.
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FIG. 15. Images observed with optical microscopy for �
=10 wt % at �a� 1000, �b� 2000, �c� 6000, �d� 7000, �d� 10 000, and
�f� 14 000 s after keeping the temperature at T=35 °C for �̇
=200 s−1. Scale bar corresponds to 100 �m. �g� Viscosity change
during cooling from 40.0 to 35 °C �t�3000 s� and keeping the
temperature at this value. The viscosity reaches a stationary state
after 8000 s.
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Fig. 11�. We believe that the existence of �̇c
low itself is robust

since, at least for a quiescent state, leeks cannot exist as a
stable morphology. At this moment, we do not understand
what physical factors determine the initial size of onions, Ri,
just after stopping cooling. The formation of large-size meta-
stable onions may reflect that the rate of increase in the onion
radius R is probably much faster than the rate of decrease in
R during the cooling process. In other words, onion growth
driven by a thermodynamic driving force is faster than shear-
induced decrease in the onion size. For a high shear rate ��̇
��̇c�, leeks are immediately formed, without passing
through onions as an intermediate structure. At least on the
level of optical microscopic observation, we did not see any
indication of such an intermediate structure before the for-
mation of leeks. The process and mechanism of leek forma-
tion remain for future investigation.

F. Comparison with related studies

Finally, it is worth noting that similar stringlike structures
are reported for �a� C10E3/D2O by Richtering and co-
workers �25,28,29� and �b� a mixture of brine, surfactant, and
cosurfactant by Cristobal et al. �30�. For case �a�, the system
is identical to the one we used, but � was 40 wt % and �̇
=10 s−1. According to our relation �̇c�7.5
105�3 s−1 �see
Fig. 4�, �̇c estimated for their concentration is beyond
104 s−1. They observed a leek structure as an intermediate
structure upon the transformation of planar lamellae to on-
ions in the lamellar phase region. This is markedly different
from our observation that leeks exist only in the L�-L3 coex-
istence region. The structure observed in their experiments
was interpreted as either a multilamellar cylinder or a coher-
ent stripe buckling with the wave vector of the undulation in
a neutral �or vorticity� direction �25�. Thus, their observation
seems to have no direct connection to ours. For case �b�, it
was proposed that the structure is not a cylinder, but a rib-
bon. The ribbons are observed as a steady state in the L�-L3
coexistence region, which is similar to our observation.
However, the ribbons are destabilized and fragmented into
rather monodisperse onions for a high shear rate, which is
very different from our observation. The similarity and the

difference suggest very rich dynamic behavior under shear,
and drawing an overall picture covering these phenomena is
an interesting problem, remaining for future investigation.
Finally, we stress that our experimental procedure �tempera-
ture scanning� is different from those of the other cases men-
tioned here, as explained in the Introduction.

IV. CONCLUSION

In sum, we demonstrated an interesting shape selection
upon nucleation of lamellar domains under shear flow, and
the stability of the nucleated domains. For a low shear rate,
the lamellar phase is nucleated as onions upon cooling,
whereas for a high shear rate the lamellar phase emerges as
leeks. These two types of behavior are separated surprisingly
sharply at a critical shear rate: less than 1% change of the
shear rate is enough to switch one behavior to the other. We
also found that, under a sufficiently strong shear flow, nucle-
ated onions decrease their size with time, and eventually
transform into leeks. On the basis of these results, we draw a
dynamic state diagram of smectic membrane organization
under shear flow, which adds an interesting case to the rich
spatiotemporal ordering behavior in a nonequilibrium state.
This suggests that leeks may be a stable morphology under
steady shear flow. However, the stability is limited to only
the lamellar-sponge coexistence region. When a system en-
ters into the lamellar phase region by further cooling, leeks
lose their stability and break up into rather monodisperse
onions, presumably via Rayleigh-like instability of a fluid
tube. This provides us not only with a dynamic state diagram
of membrane organization under shear flow, but also with a
route to the formation of monodisperse onions using shear
flow �see also, e.g., �26��. There remain many open questions
concerning the physical mechanism of this pattern selection
under shear flow, and thus further detailed studies are highly
desirable.
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