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Scaling with temperature and concentration of the nonlinear rheology of a soft hexagonal phase

Laurence Ramos
Groupe de Dynamique des Phases Condense´es (UMR CNRS-UM2 5581), CC26, Universite´ Montpellier 2,

34095 Montpellier Cedex 5, France
~Received 18 May 2001; published 19 November 2001!

The nonlinear rheology of a soft surfactant hexagonal phase is examined. The system exhibits a shear-
melting transition from a two-dimensional polycrystalline texture to a liquid of cylinders aligned along the flow
@Ramoset al., Langmuir16, 5846 ~2000!#. This dynamic transition is associated with a discontinuity in the
stress-strain curve~flow curve!. A detailed study of the temperature and concentration dependence of the flow
curves is presented. The nonlinear rheology is found to display a scaling behavior, when temperature or
concentration are varied. We demonstrate that the whole behavior of the hexagonal phase under shear is
essentially governed by the linear shear modulus of the sample,G0. When temperature is varied, we show that
the two key parameters, which controlG0 and in turn, the flow curve, are a transition temperatureTc and an
activation energyEA . We proposeEA to be related to the scission energy of one cylinder into two pieces.

DOI: 10.1103/PhysRevE.64.061502 PACS number~s!: 83.50.2v, 82.70.2y, 62.20.Dc, 61.30.2v
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I. INTRODUCTION

The behavior of complex fluids under shear has been
tensively studied using rheology. Very often, the coupli
between the structure and the flow field induces dyna
transitions@1,2#. These transitions are either phase tran
tions, which can also occur at rest, or textural transitio
which solely occur under shear. In both cases, one signa
of such a transition is a discontinuity in the flow curve~stress
vs shear rate plot! of the sample. Concerning liquid crysta
line or crystalline samples, extensive experiments have b
devoted to soft three-dimensional~3D! crystals@3–6# and to
lamellar phases@7–10#. The latter system, a 1D solid and 2
liquid, has turned out to display rich and fascinating beh
iors under shear.

Very few studies exist, however, on the ‘‘dual’’ system,
1D liquid and 2D solid, that is, the hexagonal or column
phase@11–13#. Using melts of block copolymers Morriso
et al. @11# have provided one of the few examples of she
induced morphological transitions on hexagonal phases
high rates, the authors show the coexistence of two type
grains of hexagonal phase, but whose nature has not
clearly identified. Using lyotropic hexagonal phases of s
factant @14#, we have been able for the first time to unam
biguously correlate a discontinuity in the flow curve with
structural transition in a hexagonal liquid crystalline syst
@15#. The shear-induced transition is a melting of the lon
range 2D order of the cylinders, resulting in a liquid of in
nite cylinders strongly aligned along the flow. The physic
mechanisms at the origin of the shear melting remain
present unclear but some understanding may certainly
gained by a detailed investigation of the flow curves.

In this paper, we report a careful study of the flow curv
of soft hexagonal phases, varying independently two con
parameters, the temperature and the concentration. The
linear rheology exhibits a scaling behavior as temperatur
concentration are varied. We show that the shear modulu
the hexagonal phase,G0, controls the whole behavior of th
system under shear. The nonlinear rheology of a hexag
appears, therefore, solely controlled by its linear elasticity
1063-651X/2001/64~6!/061502~7!/$20.00 64 0615
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particular, we demonstrate that only two quantities, an a
vation energyEA and a transition temperatureTc , are suffi-
cient to capture the temperature dependence ofG0 and, in
turn, the main features of the behavior of the system un
shear. Both the low shear regime and the high shear reg
where the long-range 2D order is melted, are governed
the same activation energyEA , which is proposed to be re
lated to the scission energy, the energetic cost to brea
cylinder into two pieces.

The paper is organized as follows. The experimental s
tem is described in Sec. II and the dependence of the fl
curves on temperature and concentration is presented in
III. The results are discussed in Sec. IV; the crucial role
the linear shear modulus is evidenced in Sec. IV A, and
physical meanings of the transition temperature and the
tivation energy are commented in Sec. IV B.

II. EXPERIMENTAL SYSTEM

We used lyotropic hexagonal phases of direct type@16#,
which consist of infinite oil cylinders, coated with a surfa
tant monolayer and arranged on a triangular lattice in
aqueous medium. They comprise a mixture of sodium do
cylsulfate as surfactant, pentanol as cosurfactant, salted
ter ~NaCl!, and cyclohexane as oil. By varying concom
tantly the oil content and the ionic strength of the po
medium, the radiusR of the oil-swollen cylinders can be
varied over 1 decade, from 1.5 nm~without oil! to 17 nm,
while the distanceh between the cylinders walls is kep
small and constant (h>2.5 nm) @14#. We define the swell-
ing ratior as the ratio of the volume of oil to the volume o
water, r5Voil /Vwater, which can be continuously varie
from 0 up to 3.8.

Two parameters are varied in this work, namely, the te
perature and the concentration of oil cylinders, i.e., the sw
ing ratio. In a first set of experiments, we investigate a sw
len phase withr53.24 ~corresponding toR515 nm) at
different temperatures, ranging from 12 °C up to 36 °
Small-angle x-ray scattering~SAXS! experiments on this
system@17# have shown that, in the range 14–40 °C, t
©2001 The American Physical Society02-1
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LAURENCE RAMOS PHYSICAL REVIEW E 64 061502
hexagonal phase is stable and that the lattice parameter
not vary; moreover, at 12 °C, a phase transition from
hexagonal phase to a liquid isotropic phase occurs.

In a second set of experiments, we vary the swelling ra
of the hexagonal phase at a fixed temperature of 20 °C,
study swollen systems withr ranging from 2.9 up to 3.8
corresponding to radiusR from 13 nm up to 17 nm.

III. SCALING BEHAVIOR OF THE FLOW CURVES

Rheology experiments are performed in a Couette ge
etry with a stress-controlled Paar Physica UDS 200 rhe
eter. The flow curve, stresss vs shear rateg, of a swollen
hexagonal phase, obtained imposing eithers or g, has been
described in detail in Ref.@15#. In this paper, we focus on th
curves obtained by imposing the stress. A typical flow cu
is shown in Fig. 1. At low shear rates, the system is sh
thinning, while at high rates, the stress varies linearly w
the shear rate. These two extreme regimes correspond to
stable branches of stationary states, thereafter, referred
lower and higher branches, respectively. The passage
the lower branch to the higher branch occurs through
marked drop of viscosity.~By analogy with Newtonian flu-
ids, an effective viscosityh is defined throughs5hg.! The
drop of viscosity corresponds to a plateaulike variation of
stress, in thes vs g plot ~Fig. 1!. A high plateau is obtained
when increasing the stress and a lower one is obtained u
decreasings. The flow curve defines, therefore, a perfec
reproducible hysteretic loop. The hysteresis is the signa
of a bistable system for which the shear rate is a multival
function of the shear stress, as has already been observe
lamellar phases under shear@9,18#. We callsp the high pla-
teau value, andDsp the difference between the high and lo
plateaus, that is, the width of the hysteresis~Fig. 1!. The
critical shear rates for the starts and finishes off the h
plateau are calledgc1 andgc2, respectively.

The structure of the hexagonal phase in the two sta
branches has been previously characterized using SAXS

FIG. 1. Flow curve, shear stresss as a function of shear rateg,
of a swollen hexagonal phase (r53.24), showing the different pa
rameters characterizing the dynamic transitionsp , Dsp , gc1 and
gc2. The arrows give the direction of the measurements. Temp
ture is 20 °C.
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der shear@15#. The main scattering results can be summ
rized as follows. At low shear, on the lower branch, the he
agonal phase exhibits a polycrystalline structure with
cylinders preferentially oriented along the velocity directio
The grains of the polycrystal are progressively aligned w
increasing shear rate. At high shear rate, on the hig
branch, the long-range 2D order of the cylinders has mel
leading to a 2D liquid of cylinders strongly aligned along t
flow.

A. Scaling with temperature

1. Shear-melting transition

The flow curves obtained at different temperatures, fr
14 °C to 36 °C, are presented in Fig. 2. In the range of te
peratures investigated, all curves are qualitatively simi
they display two stable branches, separated by plateau
variations of the stress, with the presence of a hystere
However, the quantitative parameters that characterize
flow curves vary strongly. These marked changes maya pri-
ori seem surprising, since in this range of temperature,
hexagonal phase keeps the same structure with a con
lattice parameter.

We start the quantitative analysis by the higher branch
this regime, the stress varies linearly with the shear rate.
each temperatureT, one can thus determine the effectiv
viscosityh of the melted phase. The values ofh are reported
in Fig. 3 and show a decrease of the viscosity from 30
down to 14 cP whenT increases from 14 °C to 22 °C.~No
data can be obtained above 22 °C because the shear ra
which the higher branch should start is larger than the up
limit of our rheometer.! The viscosity decrease can be a
counted for by an Arrhenius form,h5h0exp(EA /kT), with
an activation energyEA of 30 kT ~inset of Fig. 3!.

Concerning the critical shear rates, we focus here ongc2
because the experimental determination ofgc1 is more deli-
cate. Data are displayed in Fig. 4 and show a monoton
increase of the critical shear rategc2 with temperature, from
300 to 1400 s21, for T between 14 °C and 22 °C. Quantita
tively, we find thatgc2 is proportional to (T2Tc), with a

a-

FIG. 2. Flow curves, shear stresss as a function of shear rateg,
of a swollen hexagonal phase (r53.24). Data sets are labeled b
temperature. For the sake of clarity, all experimental curves are
represented.
2-2
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SCALING WITH TEMPERATURE AND CONCENTRATION . . . PHYSICAL REVIEW E64 061502
transition temperatureTc512 °C.
Contrary to the critical shear rate, the stress plateausp

varies in a nonmonotonous way with temperature. As can
seen in the inset of Fig. 4, the stress plateau is maxima
T520 °C; sp increases from 13 to 23.2 Pa, whenT increases
from 14 °C to 20 °C, and then decreases down to 16
whenT reaches 36 °C. A qualitatively analogous variation
obtained for the width of the hysteresisDsp . To gain insight
into the nonmonotonous temperature dependence of
stress quantitiessp andDsp , let us normalize, in a first step
s by the activation term found above in the high shear
gime. We, therefore, define a normalized stress as

s̃5s3@exp~EA /kT0!/exp~EA /kT!#, ~1!

FIG. 3. Temperature dependence of the viscosity in the hig
branch for a sample withr53.24. Inset: same data as in the ma
plot represented in an Arrhenius plot (lnh as a function of 1/T).
The solid line is an Arrhenius fit yielding an activation energyEA

530 kT.

FIG. 4. Temperature dependence ofs̃p ~triangles!, Ds̃p

~crosses!, A ~squares!, and critical shear rategc2 ~circles! extracted
from the data of Fig. 2~see text for the definition of these quan
ties!. The lines are linear fits of the data points. Inset: raw str

plateau valuessp ~solid symbols! and normalized valuess̃p ~empty
symbols! as a function of temperature.
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whereEA530kT is the activation energy found in the hig
shear rate regime andT05293 K. Note that the temperatur
T05293 K is chosen to allow a direct comparison with t
experiments on samples with different swelling ratios alwa
performed atT05293 K. Similarly, one defines

s̃p5sp3@exp~EA /kT0!/exp~EA /kT!#, ~2!

Ds̃p5Dsp3@exp~EA /kT0!/exp~EA /kT!#. ~3!

Surprisingly enough, using such normalization, a mono
nous increase of the two quantitiess̃p and Ds̃p with tem-
peratureT is recovered~Fig. 4!. Moreover, Fig. 4 shows tha
s̃p(T) and Ds̃p(T) have the same temperature depende
asgc2:

s̃p;Ds̃p;gc2;~T2Tc! ~4!

with Tc512 °C.
Consequently, if we define rescaled units ass* 5s̃

3Tc /(T2Tc) and g* 5g3Tc /(T2Tc) and replot all the
curves obtained at different temperatures in the (s* ,g* )
plane, a reasonably good collapse of the data is achieve
shown in Fig. 5 and by the relatively well-defined rescal
parameters characterizing the transition independently
temperature: gc2* 513306290 s21, sp* 53565 Pa, and
Dsp* 51361 Pa. Although the master curve obtained w
these rescaled units is not perfect, we believe that the sca
captures the essential features for the flow of a hexago
phase. Moreover, the existence of a universal curve stron
suggests that only two parameters, namely, the activation

er

s

FIG. 5. Same data as in Fig. 2 plotted in the rescaled units~see
text!, ~a! linear-logarithmic representation and~b! linear-linear rep-
resentations.
2-3
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LAURENCE RAMOS PHYSICAL REVIEW E 64 061502
ergy EA and the transition temperatureTc are sufficient to
account for the dynamic transition and for the behavior un
high shear.

2. Low shear rate regime

In this section, we focus on the low shear rate regime,
is, well below the dynamic transition towards the melt
phase. In this regime, the shear stress varies as a powe
with the shear rates;gm ~Fig. 6!. For the set of tempera
tures investigated, the exponentm is almost constant. The
fitting procedures give an exponent between 0.26 and 0
By fitting the data forcing a unique exponent for all tempe
tures, we determine this exponent to bem50.30. We define
then a prefactorA, such that, in the lower branch, the follow
ing relationship holds:

s5A3@exp~EA /kT!/exp~EA /kT0!#g0.3 ~5!

or equivalently

s̃5A3g0.3. ~6!

The dependence ofs̃ on temperature and shear rate
given in Fig. 6. The values of the prefactorA are extracted
from a fit of the data using Eq.~6!, and are reported in Fig. 4
Again, we find a scaling with (T2Tc), with a transition tem-
perature equal to that previously obtained (Tc512 °C).

3. Conclusion

To conclude, we have shown that both the prefactorA in
the shear thinning behavior at low shear rate and the par
eters that characterize the dynamic transition, namely,
critical shear rate,gc2, and the normalized stress plateau a
width of the hysteretic loop,s̃p andDs̃p , respectively, vary
similarly with temperature:

A;s̃p;Ds̃p;gc2;~T2Tc!. ~7!

Thus, the following scaling holds for the stress plateausp
and the stress width of the hysteresis:

FIG. 6. Normalized stresss̃ as a function of shear rate in th
lower branch~low shear!. Data sets are labeled by temperature a
are parts of the flow curves of Fig. 2.
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sp;Dsp;@exp~EA /kT!#3~T2Tc!. ~8!

All quantities present a critical-like variation with tem
perature, with the same transition temperatureTc512 °C.
Our analysis underlines, therefore, the relevance of two
rameters, the transition temperatureTc and the activation en-
ergy EA . These two parameters are found to control the
namic transition as well as the shear thinning regime at
shear rate. This implies, in particular, that the same activa
energy controls the behavior in the low shear rate regim
where a polycrystalline hexagonal phase flows, and in
high shear rate regimes where the long-range order
melted. This result is commented later on~Sec. IV!.

B. Scaling with the swelling

We measure the flow curves of hexagonal phases w
different swelling ratiosr. Experiments are performed at
fixed temperature of 20 °C. The range of swelling ratio a
cessible is rather limited because of experimental proble
at low r. In fact, for stiff systems~low r), high shear rates
lead to the formation of bubbles in the sample cell that p
vent the achievement of reliable results. The swelling ra
is, therefore, varied between 2.86 and 3.77 and the co
sponding flow curves are shown in Fig. 7~a!. While the glo-
bal shape of the curves is maintained, the quantitative par
eters display marked variations withr. An increase ofr of
about 30% induces a decrease of the stress plateausp and
critical shear rategc2 by almost one order of magnitude
from 6 Pa to 36 Pa and 180 s21 to 1560 s21, respectively.
Let us normalize both the stress and the shear rate by
high stress plateau value of the flow curves. We define th

d

FIG. 7. ~a! Flow curves atT520 °C for samples with different
swelling ratios, r52.86 ~triangles!, r53.24 ~squares!, r53.51
~crosses!, and r53.77 ~circles!. ~b! Same data plotted in the res
caled plane (g** ,s** ) ~see text for the definition of the rescale
units!.
2-4
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SCALING WITH TEMPERATURE AND CONCENTRATION . . . PHYSICAL REVIEW E64 061502
s** 5s3~sp
0/sp!, ~9!

g** 5g3~sp
0/sp!, ~10!

wheresp
0 is the stress plateau for the sample with a swell

ratio of 3.24 (sp
0523.2 Pa).~This is the sample whose be

havior with temperature is investigated in the previous s
tion.! Using these normalized quantities, a reasonably g
collapse of all the flow curves onto a single master curve
obtained@Fig. 7~b!# as shown by the determination of th
critical parameters characterizing the transition, indep
dently of the swelling:gc2** 58156150 s21, sp** 522.9
60.3 Pa, andDsp* 59.261.1 Pa. Thus, at a given temper
ture, one parameter is sufficient to account for the wh
behavior, which suggests a universal shape for the fl
curves.

IV. DISCUSSION

In this section, we analyze how the parameters charac
izing the shear-melting transition vary and we show that th
depend uniquely on the shear modulus of the sample.
then, comment on the transition temperature and on the
tivation energy, the two parameters that have been foun
govern the temperature dependence of the nonlin
rheology.

A. Role of the linear shear modulus

In the range of swelling and temperature investigated,
the parameters characterizing the shear-melting trans
vary in a consistent way. This is shown in the plot ofs̃p(T)
and Ds̃p(T) as a function ofgc2 ~Fig. 8!, which demon-
strates that both values obtained at different temperatures
those obtained at different swellings collapse and prese
linear variation with the critical shear rategc2 @19#. Note that
the linear variation ofs̃p(T) with gc2 simply proves that the

FIG. 8. Normalized high stress plateau valuess̃p ~full symbols!
and normalized difference between high and low stress plate

Ds̃p ~empty symbols! as a function of critical shear rategc2. The
squares correspond to data obtained atT5 20°C for samples with
different swellingsr while the circles correspond to data obtain
at different temperatures for a sample withr53.24.
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higher branch is characterized by a unique viscosity, wh
does not strongly depend on the swelling ratio but rat
varies with temperature following an Arrhenius form. Mo
important, the collapse of data of Fig. 8 enables a unificat
of the two sets of experiments. It underlines that, in bo
cases, the same physical parameters control the trans
from the aligned polycrystalline phase to the melted pha
and that these parameters can be varied by changing e
the temperature or the swelling.

In this context, we demonstrate below the crucial ro
played by the linear elastic modulus of the system,G0. The
variation of the elastic modulusG0 with the swelling ratio, at
a fixed temperature of 20 °C, has been previously measu
@20#. On the other hand, the temperature dependence ofG0 is
investigated here, for a sample with a swelling ratior
53.24 @21#. We plot in Fig. 9 the two sets of values of th
elastic modulus as a function of the stress plateausp . A
collapse of all data, measured at different temperatures
different swelling ratios, is obtained. Thus, Fig. 9 demo
strates a strong correlation between the stress plateau an
shear modulusG0 of the hexagonal phase. Quantitatively, w
find that sp;G0

0.6 over more than one order of magnitud
even though a slight departure from this scaling is obser
for the data obtained at low temperatures@22#. This strongly
suggests that the key parameter for the control of the fl
curve is, indeed, the elastic modulusG0. Thus, the nonlinear
rheology appears uniquely controlled by one linear ela
modulus of the system.

The scaling found above means that the shear stress
essary to induce the melting of the phase is smaller when
system becomes softer. This result can be intuitively und
stood. In Ref.@20#, we have argued that the elastic modul
G0 measured on a macroscopic polycrystalline sample is
microscopic elastic constant of the hexagonal phase, wh
corresponds to a shear deformation of the triangular lat
@23#. Consequently, the modulusG0 does not depend on th
texture of the sample~i.e., the large scale polycrystallin
arrangement! but is directly related to the interactions th
maintain the 2D long-range order of the cylinders. T

us FIG. 9. Stress plateau as a function of the elastic modulus;
circles correspond to results obtained with samples of differ
swelling ratiosr at a fixed temperature of 20 °C, while the squar
correspond to results obtained at different temperatures for a sa
with r53.24. The straight line has a slope of 0.6.
2-5
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LAURENCE RAMOS PHYSICAL REVIEW E 64 061502
smallerG0, the weaker the interactions maintaining the 2
crystalline order and, therefore, the lower the stress ne
sary to overcome these interactions and thus, melt the
tem. However, despite its apparent simplicity, this resul
not easy to be accounted for quantitatively. It would requ
a microscopic model to explain the origin of the shear m
ing, which is at present lacking. Such dependence on
elasticity of the material seems, nevertheless, general.
3D colloidal crystals, Chen and Zukoski@5# found a critical
stress for shear melting proportional to the shear modulu
the material. In the case of lamellar phases, dynamic tra
tions have also been found to occur at smaller criti
stresses and rates when the systems become softer.
tentative theoretical models exist in this case@24,25#, which
account for a dependence with the bulk modulus of
sample, but they are very specific, anda priori cannot be
generalized to other types of dynamic transitions.

B. Physical meanings of the transition temperature
and activation energy

The analysis of the temperature dependence of the
curves has evidenced the key role of the transition temp
ture Tc and of the activation energyEA . Let us comment
briefly these two quantities.

1. Transition temperature

We have shown that all the quantities characterizing
flow curves vary critically with temperature and are equal
zero at the transition temperatureTc512 °C @Eq. ~7!#. As
determined by x-ray scattering, this temperature is precis
the transition temperature from the liquid crystalline phase
an isotropic liquid state. The temperature dependence of
flow curves proves naturally and expectedly that the shap
the flow curve and the numerical values of the ra
dependent stresses are intrinsic to the liquid crystalline or
Additional proof comes to the fact that, belowTc , the sys-
tem presents a Newtonian behavior over a large range
shear rates and no dynamic transition is observed.

2. Activation energy

From the analysis of the variation of the flow curves w
temperature, it appears that only one activation energyEA is
involved. EA controls the shear thinning behavior at lo
shear rates, the shear-melting transition, and the Newto
behavior at high shear rates. A unique activation ene
seems, therefore, involved in the flow properties of, at
same time, a hexagonal phase with a 2D long-range o
and a 2D liquid of cylinders. The energyEA cannot, there-
fore, be intrinsic to the crystalline order as it will be if re
lated, for instance, to the density of dislocations. We prop
EA to be related to the end-cap energy of the oil-swol
cylinders and to account for the energetic cost of cutting
cylinder into two pieces. The value ofEA of 30 kT is a
correct order of magnitude@26#, although all previous mea
surements for the scission energy of surfactant cylind
have been performed on pure surfactant systems and no
oil-swollen cylinders.
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Based on this assertion, the nonmonotonous variation
the shear modulusG0 with temperature can be qualitativel
understood. Results are reported in Fig. 10 and show thaG0
is an increasing function of temperature at lowT and a de-
creasing function at highT. The elastic modulus is equal t
zero at the transition temperature to an isotropic liquid pha
Tc512 °C and is maximal forT around 20 °C. Although not
theoretically justified, a test function of the form (T2Tc)

p

3exp(E/kT) ~with E517.5 kT and p50.4) satisfactorily
fits the experimental data~Fig. 10!. It, moreover, provides a
qualitative interpretation for the nonmonotonous variation
G0 with T. On one hand, it indicates that the closeness to
isotropic transition dominates at low temperature and is
sponsible for the critical variation ofG0 with temperature.
On the other hand, at high temperature, we propose the v
of G0 to be dominated by defects of end-cap type.

Indeed, the physics of vortex lattices is relevant to colu
nar liquid crystals and defects, such as vacancy and inte
tial lines, exist in both types of systems@27#. As has been
shown for vortex lines, the presence of these defects indu
a decrease of the shear modulus of the system with a so
ing that depends exponentially on the density of defects@28#.
In our system, we believe that the density of end caps
thermally activated with activation energyEA . As tempera-
ture increases, the number of end caps is, therefore, expe
to increase, which in turn, would lead to a decrease of
shear modulusG0. This effect would be responsible for th
decrease ofG0 with T observed at high temperatur
(T.20 °C).

V. CONCLUSION

We have investigated the behavior of soft lyotropic he
agonal phases under shear. By combining rheology and x
scattering under shear, we have recently shown that th
systems present, above a critical stress and shear rate,
namic transition, which leads to a melting of the long-ran
two-dimensional order of the cylinders. In this paper, w
have addressed the variation of the flow curve with two
dependent control parameters, temperature and swelling

FIG. 10. Elastic modulusG0 as a function of temperature for
sample with a swelling ratior53.24. The line is a best fit of the
data points~see text!.
2-6
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of the hexagonal phase. We have shown that a unified pic
is emerging from the two series of experimental data.
have proven that the nonlinear rheology and, in particu
the shear-melting transition are solely controlled by the
ear elasticity of the system. The shear elastic modulusG0 of
the hexagonal phase, which can be adjusted by varying e
the swelling or the temperature, has indeed appeared as
parameter. Moreover, in the particular case where temp
ture is varied,G0 and the parameters characterizing the fl
curves exhibit a nonmonotonous variation with temperatu
We were able to interpret this nontrivial dependence as
sulting from a combination of a thermally activated proce
associated with the formation of end caps, and a crit
s
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variation with temperature, with a critical temperature eq
to the transition temperature towards the liquid isotro
phase. Despite its valuable information, the detailed inve
gation presented in this paper is probably insufficient to
ambiguously determine the physical mechanism for the sh
melting. This certainly would require a theoretical approa
in particular, taking into account the very specific types
defect of columnar phases@27,29#.
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