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Shear banding and the isotropic-to-nematic transition in wormlike micelles
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Using deuterium NMR spectroscopy in a Couette cell, we observe shear-induced nematic ordering
concentrated wormlike-micelle system CTAB/D2O, and our results are qualitatively consistent with birefri
gence studies, and in exact quantitative agreement with the degree of order measured in neutron-dif
measurements. The width of the nematic region depends on shear rate, as well as on the temperature p
to the equilibrium isotropic-nematic transition. Comparison of the nematic order profiles with velocity pr
obtained under identical conditions shows quite clearly that the nematic state is not identifiable with a
sheared, low viscosity layer, and we conclude that the process of shearing induces a nematic state
viscosity, possibly associated with mesoscale ordering. We present a simple model in which transition fr
high shear branch to the viscous nematic branch is counterbalanced by subsequent relaxation of nema
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INTRODUCTION

The phenomenon of shear banding in complex fluids
been the subject of intensive theoretical and experime
investigation in recent years. An early focus@1# was the
‘‘spurt effect’’ seen in the shear flow of polymer melts, an
nicely explained by the tube model for entangled rand
coil polymers@2,3#. In that microscopic model, alignment o
the chains leads to a reduction in viscosity with increas
shear rate, the phenomenon known as shear thinning
higher shear, a critical rate is reached~on the order of the
tube disengagement rate!, beyond which the stress decline
This behavior, which is believed to be associated with stro
chain alignment, results in flow that is inherently unstab
Such declining stress cannot, however, continue indefinit
and eventually a rising stress, high shear branch may be
pected to emerge@3#, as shown schematically in Fig. 1. Th
existence of such a branch allows the fluid to phase-sepa
into regions of widely differing shear rate, under a comm
coexistence stress@4#. These regions will be associated wi
the intersections of a stress tie line with the upper and lo
branches of the underlying flow curve and the proportions
each band will be as required to satisfy the average s
rate,ġ, namely

ġ5f1ġ11f2ġ2 , ~1!

wheref1 andf2 are the respective volume fractions of th
low shear rate (ġ1) and high shear rate (ġ2) phases@5#. The
separation of the fluid into these states is commonly refe
to as shear banding and the existence of a shear plate
cone-and-plate measurements of the flow curve has bee
terpreted as an indication of underlying shear-banded fl
@5#.

The most dramatic evidence for banding effects has b
found in the class of surfactant systems known as worm
micelles@6–8#. These ‘‘living polymers’’ are formed by the
self-assembly of certain amphiphilic molecules into long c
lindrical structures whose flexibility and size are govern
by the surfactant volume fraction, the salt concentration,
the temperature. The behavior of flexible wormlike micel
001/64~1!/011501~15!/$20.00 64 0115
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under shear is believed to resemble that of highly entang
random coil polymers@9,10#. In the semidilute region~up to
a surfactant concentration,f, of around 10%!, the micelles
overlap and form an entangled network. Reptation of
micelle chains is believed to play an important part in str
relaxation. However, unlike polymers, the micelles may co
tinuously break and reform, and this breakage-recombina
process@11# provides a second relaxation mechanism, a f
tor that is of considerable importance in understanding
rheology of these materials.

At higher concentrations (f.10%), steric interactions
may cause the micellar threads to spontaneously orient. M
wormlike micelle systems exhibit an ordered nematic ph
at sufficiently high concentration@12–14#. As a conse-
quence, the flow behavior of these more concentrated
tems may be governed by shear-induced phase transi
@12#. Even if the equilibrium state of the micellar fluid i
isotropic, the proximity of an isotropic-to-nematic transitio
results in order-parameter fluctuations@15–19#, and these
may couple with the shear to drive the system into the ne
atic state @20–23#. The phenomenon of shear-induce
isotropic-to-nematic (I -N) transitions has been invoked b
several authors to explain shear-banding effects in worm
micelle solutions@12,24–27#.

Thus there are two distinct depictions of heterogene
flow in wormlike micelles. One concerns a flow instability o

FIG. 1. Schematic flow curve for a material exhibiting a cons
tutive instability. At a fixed stress, two widely differing shear rat
may coexist.
©2001 The American Physical Society01-1
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the micellar constitutive relation, governed by Doi-Edwar
dynamics@2,3# in competition with breakage recombinatio
This picture is due to Cates and co-workers@28–30# and
might be expected to apply to semidilute micellar syste
distant from the equilibriumI-N transition. In the second
approach, shearing the isotropic fluid in the vicinity of
nearby equilibriumI-N transition is believed to trigger a non
equilibrium phase transition to a nematic state and the co
istence of isotropic and nematic fluids of widely differin
viscosities@12,24,31–34#. Both pictures have been invoke
to explain shear-banding effects.

Just as there exists a dichotomy in the explanation
shear banding, so there exists a dual perspective in the d
observation of these phenomena. In the earliest experim
by Decruppe and co-workers@35,36# and Berret and co-
workers @37,38#, cylindrical Couette cells were used to d
form wormlike micelle solutions while polarized light wa
passed through the annular gap along the vorticity direct
These measurements indicated the formation of dist
bands of differing birefringence, the width of these ban
being governed by the average shear rate. Birefringe
arises from anisotropy in the material refractive index so t
a strong birefringence indicates an ordered phase. T
classes of fluids have been investigated. The first conc
concentrated micellar systems in which anI-N transition was
proximate@12,14,25,27,35# while the second concerns sem
dilute micellar solutions in which anI-N transition was
distant @34,38–40#. Examples of the first class includ
cetyltrimethylammonium bromide ~CTAB!/water and
cetylpyridinium chloride~CpyCl!/hexanol/brine. The secon
class includes CTAB/KBr/water and cetylpyridinium
chloride/sodium salicylate~CpyCl/NaSal! systems both with
and without added NaCl. In experiments carried out on s
tems close to anI-N transition, the existence of a shea
induced nematic phase has been strongly supported
neutron-diffraction measurements@25,27#, whereas in the
latter fluids, flow birefringence banding was observed
small-angle neutron-scattering measurements were incon
sive. In all these studies, the authors have associated
strongly birefringent phase with a high shear rate/low visc
ity state and have routinely referred to the birefringen
bands as ‘‘shear bands.’’

In an entirely different approach, Callaghan and c
workers have used nuclear magnetic resonance velocim
to investigate the velocity profiles exhibited by wormlik
micelle solutions in a wide range of geometries, includi
cone-and-plate flow, pipe flow, and Couette flow@41–45#. In
most of these studies, the cetylpyridiniumchloride/sodi
salicylate~CpyCl/NaSal! system has been studied far fro
an I-N transition. These NMR imaging experiments ha
clearly shown the existence of shear banding, and have
vealed that these bands are typically narrow in width and
migrate within the flow field. Most importantly, these me
surements reveal that the highest shear-rate state doe
necessarily arise at the point of highest stress within the c

Recently, we have turned our attention to the CTA
water system extensively studied via birefringence and n
tron scattering@14,25#. This new work@46# combined two
different NMR measurements in one system. In the first,
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measured the velocity profile across the gap, locating b
the high-shear-rate and low-shear-rate phases. In the sec
we used deuterium NMR spectroscopy to measure the or
tational ordering of the micelles, thus locating the nema
and isotropic phases. A remarkable outcome of this st
was that there exists no simple correspondence betw
these physical states, in particular that the highly orde
phase does not exhibit high shear. In other words, a biref
gence band is not, as first thought, a shear band, and
behavior of wormlike micelles, in the vicinity of anI-N tran-
sition, must be considerably more complex than previou
believed.

In this paper, we report an extensive combined NM
velocimetry/NMR spectroscopy study with the wormlike m
cellar fluid, CTAB in D2O, the system investigated in deta
by Cappelaereet al. @25# using both flow birefringence and
neutron scattering. We show the effect of both shear rate
temperature on the distribution of shear and molecular ord
ing in this system and we propose a model for shear-indu
nonequilibriumI-N transitions in which competition betwee
ordering and relaxation effects plays a crucial role. In p
ticular, we will argue that a steady-state banded struct
does not exist and that the observations made by NMR
birefringence, and by neutron scattering represent w
defined time averages of continually varying structures.

THEORETICAL MODELS OF SHEAR BANDED FLOW

A. Constitutive instability in wormlike micelles

The existence of a constitutive flow instability for en
tangled polymers under shear flow is inherent to the D
Edwards model. The fact that the critical shear rate for
onset of these effects is on the order of the tube diseng
ment rate,t rep

21, means, however, that polydispersity in th
molar mass,M, can strongly damp the onset of spurt sin
t rep;M3. In the case of flexible wormlike micelles, suc
polydispersity effects can be masked so that classical D
Edwards instability may be enhanced.

In the reptation-reaction model of Cates@11,47# for
wormlike micelles, stress relaxation occurs via an interp
of reptation and breaking processes, the intrinsic relaxa
times for these two processes being given byt rep andtbreak,
respectively. In the fast breaking regime applicable in a w
class of wormlike surfactant solutions, i.e., whentbreak
!t rep, the model predicts that at low frequencies, stress
laxation will be single exponential and the characteris
stress relaxation time will be given by

tR5~tbreakt rep!
1/2. ~2!

Because the breakage and recombination process prov
preaveraging at a microscopic level, the timetR is indepen-
dent of chain length polydispersity, and at low frequencie
represents a near-Maxwell behavior involving a single do
nant relaxation time. At higher frequencies, the behavio
expected to be non-Maxwellian, and instead characterize
a spectrum of relaxation times.

The nonlinear viscosity of wormlike micelles can be e
plained by adapting the tube model to allow for the effect
1-2
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SHEAR BANDING AND THE ISOTROPIC-TO-NEMATIC . . . PHYSICAL REVIEW E 64 011501
chain breakage and recombination@11,29#. This analysis
suggests that the critical stress and corresponding cri
shear rate~see Fig. 1! are given by

sc5 2
3 G0 and ġc52.6/tR , ~3!

where G0 is the plateau modulus. At shear rates mu
greater thanġc , other dynamical processes will countera
the falling stress and a rising branch emerges. This bra
may be due to the Rouse modes of the micelle transvers
the tube axis@5#, local motion of the micelles, or the intrinsi
viscosity of the solvent. The stress upturn at high shear r
generates the characteristic inflections in the flow cu
shown in Fig. 1. This double-valuedness of the stress ve
shear rate constitutive relationship in wormlike micell
leads to predictions of ‘‘shear banding.’’ The precise mec
nism for stress selection in these coexistence states is u
tain and may depend in a subtle manner on shear hist
One simplistic approach is to generate the tie line usin
Maxwell equal-area construction, in analogy with the fir
order phase transition in a liquid-gas system.

In wormlike micelle systems where the breakag
recombination timetR is sufficiently long, a simple Max-
wellian behavior may no longer be observed. Such multi
ponential relaxation, characteristic of semiflexible rodli
polymers, is often found in the absence of surface-cha
screening salt where electrostatic interactions between
surfactant molecules add to the steric constraints.
CTAB/water system used in the work presented here is
parently@25# of this type and the origins of any constitutiv
flow instability may lie in the classical Doi-Edwards descri
tion rather than in the reptation-reaction model.

B. Shear-induced isotropic-to-nematic transition

In the critical liquid-gas~LG! behavior of simple liquids,
shear flow can cause the critical point to be shifted in te
perature@15#. It is a remarkable feature of complex fluid
that deformational flows can significantly modify phase tra
sitions. One of the earliest observations of this effect wa
the influence of shear flow on the demixing transition in hi
molecular weight polymer solutions@48#. More recently, bi-
refringence measurements in wormlike micelle systems h
suggested a shift in theI-N transition temperature.

The standard explanation for such shifts is based o
coupling of the stress with fluctuations in the order parame
near the phase transition@16,49#, although in many systems
additional effects may enhance or compete. Shear flow
the effect of advecting and thereby suppressing fluctuat
with characteristic times slower thanġ21. In a simple liquid
near the liquid-gas transition, these slow modes tend to
the longer-wavelength fluctuations characteristic of criti
behavior. Consequently, the suppression of these fluctua
tends to cause the critical point to be shifted to lower te
peratures@15#, although perturbation of the intermolecul
Van der Waals interactions by the shear deformation co
teracts this effect@23#. By contrast, in polymer demixing
stress enhances critical fluctuations and raises the dem
temperature@16,49#. In lyotropic liquid crystals exhibiting a
first-order isotropic to lamellar (I -L) phase transition, non
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linear fluctuations in thermal equilibrium lower theI-L tran-
sition temperature. When a lyotropic liquid crystal expe
ences shear, the suppression of fluctuations is stron
anisotropic, those forming with layers normal to the flo
being more severely affected. Because these more
pressed fluctuations are those that tend to frustrate equ
rium ordering, theI-L transition temperature is shifted t
higher temperatures@19#.

In nematogenic~e.g., rodlike! molecules, which exhibit an
equilibrium nematic phase, deformational flow has the ex
effect of inducing order directly. A detailed theoretical trea
ment of theI-N transition under shear flow has been given
Olmsted and Goldbart@23#. For nematogens, shear flow ha
three principal effects. It induces alignment and thus selec
specific orientation for ordering. The inherently biaxial n
ture of shear makes theI-N transition nonsymmetry break
ing, thus influencing the critical point behavior. Finally, th
flow suppresses fluctuations that frustrate ordering, t
causing the transition temperature to rise with increas
shear rate.

The theory of flow curve instability in nematic system
has been developed by Olmsted and co-workers@23,31–
33,50–52#. A theory of rigid rod suspensions in shear flo
has been given by Olmsted and Lu@31# using a modified Doi
model in which free-energy terms that penalize spatial in
mogeneities and that represent the free energy of mixing
introduced. Thus the nematogen concentration is a varia
in the Olmsted and Lu model. In this model, coexistence
associated with an inhomogeneous state spanning sep
branches of the homogeneous flow curves, the coexiste
state being determined by equating the chemical potentia
the two phases. Inherent to this model is the assumption
the nematic phase has lower viscosity than the isotro
phase and thus comprises the high-shear-rate branch. O
sted and co-workers have also identified stress-strain
curves in which both strain rate and stress coexistence
possible, thus raising issues concerning the geometric c
acter of the interfaces separating the differing phases.

It should be noted that the wormlike micelle systems u
der study in the present work are considerably more comp
than rigid rods and that there exists no detailed microph
cal theory pertaining to their nonequilibrium phase behav
We shall present evidence here that, in these systems
shear-induced nematic state does not simply comprise
high-shear-rate branch of the underlying flow curves, but
stead may have a highly viscous character.

MEASUREMENT OF ORDERING USING DEUTERIUM
NMR SPECTROSCOPY

The measurement of polymer deformation by optic
methods relies on some underlying assumptions, for exam
the identity of the macroscopic and microscopic polarizab
ity tensor, and the dominance of intrinsic birefringence ov
form birefringence. In our NMR method, the orientation
bond vectors is determined through nuclear spin interactio
We use nuclear magnetic resonance to determine the stre
of the electric quadrupole interaction of deuterons, a quan
that depends in a very simple manner upon the relative
1-3
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ELMAR FISCHER AND PAUL T. CALLAGHAN PHYSICAL REVIEW E64 011501
entation of the electric-field gradient axis~the bond axis! and
the polarizing magnetic field used to produce the nucl
Zeeman effect. In our experiments reported here, the d
teron is present in the water solvent. The small water m
ecules rapidly diffuse throughout the solution and th
sample the mean alignment of the host micelles. Becaus
the use of such an indirect probe, the measurement of a
ment is not absolute, and, like the birefringence method,
lies on an equivalent to the stress-optical coefficient.

A spin-one deuterium nucleus experiences an elec
quadrupole interaction between the nuclear quadrupole
ment and the surrounding electric-field gradient. Beca
this interaction is experienced in the presence of a m
larger Zeeman interaction between the magnetic-dipole
ment and the polarizing magnetic fieldB0 , it is observed as
a first-order perturbation projected along the spin quant
tion axis defined by the static magnetic field. For an axia
symmetric electric-field gradient, as is typically found in
oxygen-deuterium bond of the water molecule, the quad
pole interaction takes the form@53,54#

HQ5
3eVzzQ

4I ~2I 21!
P2~cosu!~3I z

22I 2!. ~4!

Here u is the angle between the field gradient axis and
polarizing magnetic field whose direction is labeled byz. Vzz
is the electric-field gradient strength,Q is the nuclear quad
rupole moment, andI is the nuclear spin quantum numbe
The effect ofHQ is to split the deuterium resonance into

doublet separated in frequency by (3
2 eVzzQ/h)P2(cosu).

The quadrupole interaction strength3
2 eVzzQ/h is usually on

the order of 100 kHz in partially ordered systems.
In simple isotropic liquids, molecular tumbling causesu

and henceHQ to fluctuate. Provided that this motion is mo
rapid than the quadrupolar interaction strength, a condi
that is true for all but the most viscous liquids, the quad
polar Hamiltonian is averaged to zero. By contrast, in ani
tropic liquids, the motional averaging is incomplete. In o
case, the deuterated water molecule probes the nematic
experienced by the host micellar system. The rapidly diff
ing and tumbling probe molecule will undergo steric intera
tions with micellar segments and experience an anisotro
mean orientation over the characteristic averaging time a
ciated with the inverse quadrupolar splitting frequency@55#.
This time is sufficiently long to produce a motional avera
over a length scale of tens of microns, and thus it repres
a true ensemble mean. Thus the Legendre polynomial fa
in Eq. ~3! is averaged to

P2~cosu!5SavP2~cosa!, ~5!

wherea is the angle between the host director and the m
netic field, andSav defines a local probe order parameter
number that may be exceedingly small, and around 1024.
The deuteron probe will thus exhibit a scaled-down quad
pole splitting given by

Dv5S 3

2

eVzzQ

h DSavP2~cosa!. ~6!
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While Sav will depend on surfactant concentration, its prec
value is unimportant in the present analysis. The existenc
a split doublet or a single peak will indicate the presence
nematic order or an isotropic state, respectively, in the h
surfactant.

EXPERIMENT

We have carried out NMR and rheology measureme
using aqueous salt-free solutions of CTAB in D2O, as stud-
ied using flow birefringence and neutron scattering by C
pelaereet al. @25#. This solution is non-Maxwellian and ex
hibits a disperse spectrum of relaxation times, as found fo
polydisperse system of unbreakable chains. Nonetheles
distinct plateau in the flow curve is found, consistent with t
coexistence of states with widely differing shear rate. W
have chosen to study this system because of the clearly n
atic character of the fluid under shear, both as indicated
the birefringence and neutron-scattering work of Cappela
and in our own nuclear-magnetic-resonance investigation

CTAB was obtained from Acros Organics and dissolv
in deuterated water~more than 99.92 at. % deuterium! from
Apollo Scientific Ltd. Solutions were prepared by dissol
ing the surfactant and maintaining the solution in a sea
glass container at 45 °C for a period of 48 h. All experime
reported here were made on fresh samples prepared in
way, except where explicitly stated. The phase diagram@25#
for CTAB-D2O is shown in Fig. 2. We have chosen to wo
with a surfactant concentrationf520% and have carried ou
a series of experiments at temperatures both above and
low the I-N transition. Note that the CTAB in D2O concen-
tration used in the NMR work is slightly higher than th
value off518% of the birefringence and neutron-scatteri
study. We chose this higher concentration because of be
defined NMR spectroscopic features. However, we h
worked at temperatures displaced from theI-N transition at
f518%, similar to those used by Cappelaereet al. Further,
we note that the flow curves obtained atf518% and 20%
are very similar. Thus we believe that our NMR data a
directly comparable with the birefringence and neutro
scattering study.

FIG. 2. Phase diagram for CTAB/D2O taken from Ref.@25#. The
vertical dashed line represents the concentration line at which N
experiments were performed, in the temperature range from 3
41 °C.
1-4
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SHEAR BANDING AND THE ISOTROPIC-TO-NEMATIC . . . PHYSICAL REVIEW E 64 011501
The nonlinear rheology was studied using a Rheomet
RS-5000 working in the controlled stress mode. A cone a
plate geometry was chosen with a diameter of the cone o
mm and a gap angle of 0.0391 rad. On a logarithmic sc
different stress values~ten points per decade! are selected
between 10 and 100 Pa and the control unit of the rheom
tries to find a rotation rate of the cone compatible with t
selected stress. For each stress value, a time of 300 s
given until the shear rate compatible with that stress va
was measured. In order to avoid evaporation of the samp
solvent trap has been used. For each temperature, a
sample from the storage container kept at 45 °C was u
Representative flow curves at 41 and 39 °C are shown in
3 and agree well with those found by Cappelaereet al. on
similar solutions@25#. Below 10 s21, the solution is Newton-
ian while between 20 and 300 s21 a distinct plateau is ob
served between lower and upper shear rates. This plate
similar at both temperatures and represents a constant s
of around 35 Pa. Above 400 s21, a rising branch of stress i
found with the behavior again close to Newtonian.

NMR velocimetry @54# and spectroscopy experimen
were carried out on a Bruker AMX300 NMR spectrome
with microimaging capability, using the deuteron NMR si
nal at 45 MHz. Shear deformation was carried out usin
specially constructed Couette cell made of PEEK, in wh
the ratio of the outer cylinder radius~19 mm! to the inner
cylinder radius~17 mm! is 1.11, similar to that used in th
birefringence cell of Cappelaereet al.A scale diagram of the
cell is shown in Fig. 4~a!. The cell inner cylinder is rotated
by a drive shaft that sits in the bore of the magnet and
turned by a stepper-motor gearbox assembly mounted a
the magnet bore@56#. Temperature control is via an airflow
system in which sample temperatures are maintained
within 0.5 °C. Note that the average shear rate within the
is determined by dividing the inner wall velocity by the ga
width. Because this width is 1.00 mm, the shear rate in21

and the inner wall velocity in mm s21 have the same numer
cal values.

Details of our NMR microscopy and velocimetry metho
have been given elsewhere@54,56#. Figure 4~b! shows an

FIG. 3. Flow curves for 20% w/v CTAB/D2O at temperatures
of 39 and 41 °C in which a stress plateau is observed. The arr
indicate the shear rates at which NMR experiments have b
performed.
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NMR micrograph of the fluid in the annular gap, along wi
the region selected for velocity and spectroscopy profili
The pulse sequence used for velocimetry is shown in F
5~a! and incorporates two position-encoding magnetic-fi
gradient pulses of durationd and amplitudeg, in the succes-
sive dephasing and rephasing periods of a preceding
echo. Displacement of fluid elements by a distanceZ over
the time D between the pulses results in a phase sh
exp(iqZ), in the corresponding pixel of the image whereq is
the wave vector associated with the field gradient pulse,
is given bygdg , g being the nuclear gyromagnetic ratio. B
increasing the amplitude of the gradient pulses in eight s
cessive steps, the signal in each pixel becomes ‘‘wave-ve
encoded.’’ We are thus able to obtain a spectrum of
displacements. In particular, by inverse Fourier transform
tion of the signal in each pixel with respect to the gradie
amplitude, we obtain the displacement distribution over
total acquisition time of around 1 h.

Figure 5~b! shows a different pulse sequence in which t
image signal is encoded for the deuteron quadrupole int
tion. As in the velocimetry case, a spin echo is used to re
cus unwanted magnetic~Zeeman! interactions. Because th
quadrupolar interaction is bilinear in the spin operators@see
Eq. ~4!#, this term in the spin Hamiltonian is unperturbed b
the 180° rf refocusing pulse and thus the effect of the q

s
en

FIG. 4. ~a! Scale diagram of Couette shearing cell used in t
work. The OD and ID of the inner and outer cylinders, respective
are 17 and 19 mm, giving an annular gap of 1 mm.~b! NMR
micrograph of the fluid in the annulus of the Couette cell. The fi
of view is 20 mm and the white rectangle shows the region use
profile the gap.
1-5
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ELMAR FISCHER AND PAUL T. CALLAGHAN PHYSICAL REVIEW E64 011501
drupolar interaction remains. This quadrupole interaction
parts a frequency encoding, exp(iDvTE), to the correspond
ing pixel of the image. Again, inverse Fourier transformati
with respect to the echo time~TE! results in a deuteron NMR
spectrum at each pixel. Thus we are able to image the d
terium NMR spectrum across the annular gap of the Cou
cell.

RESULTS

A. Identification of the isotropic and nematic states

The previous study by Cappelaereet al. indicated the for-
mation of a bright band of high birefringence at shear rate
excess of 20 s21, while neutron-scattering experiments e
hibit a distinctly anisotropic scattering@25#. The remaining
dark band in the optical work, while labeled isotropic, non
theless exhibits a small birefringence from which an exti
tion angle may be calculated. The way in which we det
mine the relative proportions of the phases is shown in F
6, where we display a series of deuteron NMR spectra
80-mm intervals across the 1.0-mm gap. The shear rat
105 s21 and the temperature is 39 °C, approximately
above the onset of the equilibriumI-N transition. At the outer
wall of the cell, where the stress is at a minimum, a sin

FIG. 5. Schematic rf and gradient pulse sequences for~a! veloc-
ity imaging and~b! spectroscopic imaging. Thex andy directions
correspond to the transverse plane of the cylinder. In~a!, velocity
encoding is along they axis. Two narrow gradient~q! pulses of
duration d and separationD are increased in amplitude throug
eight separate values in successive image acquisitions.~b! The echo
time TE is stepped in 32 successive values, to produce a p
encoding of the image that arises from the evolution of the s
system under the quadrupole interaction.
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peak is found characteristic of an isotropic phase. At
inner wall, the spectrum is clearly split into a doublet
around 15-Hz separation, although the existence of a w
isotropic peak at the inner wall is also apparent. We sh
refer to the singlet peak at 0 Hz as the isotropic peak and
doublet with 15-Hz splitting as the nematic peak. In all t
work reported here, this nematic doublet has an ident
splitting.

NMR spectra are acquired as both in-phase and qua
ture phase signals from the heterodyne receiver. Thus
comprise complex numbers of arbitrary absolute phase. T
phase may be subsequently adjusted by multiplying the
tire spectrum by exp(if), wheref may be varied until a pure
absorption spectrum is displayed. In the spectra shown
Fig. 6~a!, it was necessary to use a different value off for
each position across the gap in order to optimize the ove
absorption character of each spectrum. By contrast, in
6~b!, where an identical phase correction is made at all
sitions, the spectral distortion is obvious. The reason for
variation in spectral phase across the gap can be see
inspection of the pulse sequence shown in Fig. 5~b!. The

se
n

FIG. 6. Spatially resolved deuterium NMR spectra obtained
ing the pulse sequence of Fig. 5~b!, for a 20% w/v CTAB/D2O
sample under a mean shear rate of 104 s21 and at a temperature o
39 °C. The central peak arises from the isotropic phase while
doublet arises from the nematic phase. Note that the effect of
bipolar read gradient (Gx) is to cause a phase shift of the spectru
that depends upon the local velocity. Thus each spectrum sh
has a characteristic phase that may be used to deduce the
velocity. In fact, this phase is different for the isotropic and nema
phases because of a difference in the mean velocity of each. In~a!,
the local phase is corrected in the data processing, so as to rev
mostly absorption spectrum. In~b!, the phase is absolute with re
spect to the outer wall and the spectral phase shifts reveal the e
of motion.
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SHEAR BANDING AND THE ISOTROPIC-TO-NEMATIC . . . PHYSICAL REVIEW E 64 011501
bipolar Ga gradient that is used to encode for position h
the added effect of introducing a phase shift arising fr
flow parallel to the gap. The extent of that phase shift giv
a measure of the average velocity at each position. A
consequence, the measurement of these phase shifts c
used to give an independent, albeit less accurate, measu
the velocity field experienced by the solution, to complem
the more accurate Fourier velocimetry method based on
pulse sequence of Fig. 5~a!.

The great advantage of the phase-shift method is tha
are able to ascertain independently the respective veloc
of the isotropic and nematic phases at each position.
markably, we find that they can be different. As evidence
that assertion, we note our finding that the chosen value of
could not simultaneously satisfy the state of both the iso
pic peak and the nematic doublets. We are able to dire

FIG. 7. The percentage of a nematic phase across the e
annulus, as a function of gap shear rate, as measured by bire
gence ~open circles!, by small-angle neutron scattering~open
squares! and by deuterium NMR~solid circles!, for a 20% w/v
CTAB/D2O sample 3 C from theI-N transition. The birefringence
and neutron-scattering data are from Ref.@25#. The agreement be
tween NMR and small-angle neutron scattering is very good.
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measure the phase at each peak and thus plot a sep
velocity profile for the isotropic and nematic phases. The
profiles will be shown in Fig. 12 and represent an importa
insight regarding the behavior of the CTAB system.

Figure 7 shows the relative proportions of the nema
phase obtained over a range of shear rates for the CTA
D2O system at 3 °C above theI-N transition. The open
circles and squares show the optical and neutron-scatte
results of Cappelaereet al., while the closed circles are th
equivalent proportions obtained in our NMR study. T
agreement between the NMR and neutron-scattering da
quite remarkable.

B. NMR velocimetry

Figure 8 shows an example of displacement distributio
obtained at a temperature of 40 °C and with an average
shear rate of 105 s21. The deuteron NMR signals used t
obtain these distributions arise from the water molecules
the solvent. The graph on the left shows displacement dis
butions that correspond to pixel positions, respectively, n
to the inner~rotating! wall and the outer~stationary! wall. As
expected, the outer wall distribution is a peak centered
zero, but with a finite width arising from the effect of wate
diffusion. The distribution seen at the inner wall has a pe
position that is clearly shifted due to flow.

The position of the peak maximum is used in our softwa
to obtain a velocity value for each corresponding pixel. No
however, that the peak at the inner wall is distinctly skew
reflecting significant contributions due to velocity valu
lower than the mode. Such skewed character is never see
steady shear flow, for example in simple Newtonian liqui
Thus, while our velocity determination may return
‘‘mode’’ value, inspection of these distributions invariab
shows that over the course of the experiment of around
the velocity experienced within a particular image pixel h
varied. This evidence strongly suggests that the flow fi
slowly fluctuates within the gap, with a characteristic tim
scale longer than the encoding timeD550 ms.

ire
in-
ate of

n time
riod. On
ear rigid
FIG. 8. NMR velocimetry analysis for a 20% w/v CTAB/D2O sample at a temperature of 40 °C and with an average gap shear r
105 s21. The graph on the left shows displacement distributions for pixel positions, respectively, next to the inner~rotating! wall and the
outer~stationary! wall. Note the broad distribution apparent at the inner wall, characteristic of velocity fluctuations over the acquisitio
of more than 1 h. This skewed distribution indicates the existence of velocity values from zero to the wall maximum over this pe
the right is shown the profile of mode velocity values across the gap. Near the inner wall, the data lie on a line characteristic of n
body motion.
1-7
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FIG. 9. A comparison of deuterium NMR
spectra, order profiles and velocity profiles acro
the Couette cell gap, for a 20% w/v CTAB/D2O
sample with an average gap shear rate of 2021

and at temperatures of 41 and 39 °C. Note th
the isotropic phase prevails across the gap a
that the mode velocity profiles show no eviden
of shear banding. The arrows in the velocimet
data indicate the inner wall velocity. Slip is ap
parent in the 39 °C data set.
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On the right-hand side of Fig. 8, we show the veloc
profile across the gap as indicated by the peak mode
placements for the 39 °C CTAB/D2O sample sheared at 10
s21. A number of remarkable features emerge in this parti
lar experiment. First, we note that the fluid velocity at t
inner wall is around 100 mm s21, identical to the wall value
and thus indicating the lack of any slip under these particu
conditions. Second, we note that over the first three pix
~;0.25 mm! out from the inner wall, the mode velocityin-
creases, directly proportional to the radial displacement, a
consistent with rigid body motion at nearly zero shear. Th
we note beyond that inner band a region of around 0.4-
width, at which the velocity sharply declines and for whi
the average shear rate is around 300 s21. Finally, we observe
an approximately 0.35-mm-wide region of practically ze
shear near the outer wall. We will see when we compare
velocity profile with the corresponding deuterium spec
taken across the gap that the identification of a high-sh
rate phase with the nematic state is not at all obvious. Th
data indicate that the issue of shear banding in
CTAB/D2O system is more complex than first thought.

C. Spectral and velocimetry comparisons

Figures 9, 10, and 11 present data obtained in exp
ments performed at different shear rates and different t
peratures. In Fig. 9, we show mode velocity profiles a
deuterium NMR spectra for temperatures of 41 and 39
and at a gap shear rate of 20 s21, right at the onset of the flow
curve stress plateau. The data are quite straightforward.
see no clearly distinct split spectrum that we might ident
with a nematic phase, although the width of the isotro
01150
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peak is larger than in the case of zero shear. In the bulk
the fluid, a uniform shear rate is experienced. However
each case a significant slip is apparent at the inner wall.

Figure 10 shows the velocimetry and spectral data fo
gap shear rate of 51 s21 and at temperatures of 41, 40, an
39 °C. The chosen shear rate is positioned midplateau~see
Fig. 3! and the temperatures are, respectively, 5, 4, and 3
above the equilibriumI-N transition. Note that in each case
nematic phase is apparent near the inner wall and that
extent of this phase increases as the temperature of theI-N
transition is approached. In the velocimetry profiles, so
slip at the inner wall is seen at 41 °C, but not at 40 or 39 °
In each experiment performed at the three different tempe
tures, we see a low-shear-rate high-viscosity phase nea
inner wall, followed by a high-shear-rate~300–400 s21! low-
viscosity phase, and beyond that, a low-shear-rate h
viscosity phase completing the gap to the outer wall.

In each spectrum, it is possible to equate the hig
viscosity low-shear-rate phase near the outer wall with
isotropic state. However, the nematic phase is not sim
identified with the highly sheared state. Clearly, as o
progresses across the gap towards the inner wall, the re
of high shear corresponds to the region where signific
nematic order starts to appear. However, in each experim
the region near the inner wall corresponds to a highly ne
atic state but with low shear rate and high apparent viscos
We do note, however, that in the pixel nearest the wal
slight enhancement of isotropic behavior is always indicat

Figure 11 shows corresponding data obtained at 10521,
near the end of the stress plateau. These experiments e
ited a growth in the extent of the nematic region as the te
1-8
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FIG. 10. A comparison of deuterium NMR spectra, order profiles, and velocity profiles across the Couette cell gap, for a 2
CTAB/D2O sample with an average gap shear rate of 51 s21 and at temperatures of 41, 40, and 39 °C. Note that a transition from nem
to isotropic phases is evident in the profile from the inner to the outer wall. The velocimetry data indicate shear banding but it is c
the nematic phase exists at low shear rate near the inner wall. Slip at the inner wall is apparent in the 39 °C data set.
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perature is decreased, just as in the case of the 51 s21 data
set. However, unlike the 51 s21 data set, no inner wall slip
was observed, although at 41 and 40 °C, a similar prog
sion from low shear rate to high shear rate to low shear
was seen in the profile from the inner to the outer wall. T
data at 39 °C are somewhat exceptional. Here a very h
shear rate, tantamount to apparent slip, is seen at the o
wall, while across the gap the average shear rate appea
be on the order of 70 s21.

In order to make further sense of these velocity profil
we show in Fig. 12 a comparison of the mode velocime
data and the velocity profiles obtained separately for the
tropic and nematic peaks using the mean phase-shift me
outlined earlier. We have chosen two representative case
the first, shown in Fig. 12~a!, the gap shear rate is 20 s21 and
the temperature is 41 °C. Here the behavior is ne
Newtonian. In the second case of 51 s21 at a temperature o
39 °C, a significant isotropic-to-nematic ordering occu
along with notable shear banding. In the near-Newton
case, the velocity profiles obtained by the two methods ag
well. A so-called ‘‘nematic’’ profile is obtained by using th
phase values obtained from the wings of the isotropic p
positioned at a frequency splitting of 15 Hz. The isotrop
and nematic velocity profiles are consistent with each oth
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In the case of 51 s21 at a temperature of 39 °C@Fig.
12~b!#, there is a significant discrepancy seen in the res
obtained using the different methods. Note that velocime
returns the mode whereas the phase-shift value returns
mean velocity distribution. A discrepancy between the
methods is indicative of velocity fluctuations during the e
periment. More importantly, we see that the mean isotro
velocity profile tends to lie below that of the mean nematic
the region of fluid near the inner wall, although the velociti
are very similar at the inner wall itself. Such an observat
could be consistent with the proposal that the small amo
of isotropic fluid present in the region of the gap where t
nematic component dominates tends to exist in a state
high shear. In contrast, the dominant nematic state exist
high viscosity with velocity values close to that of the inn
wall.

DISCUSSION

In order to explain our results, we propose a model
shear-induced isotropic-to-nematic transitions, which inh
ently requires fluctuations in the flow field within the ga
This model is based on the idea that high shear band
drives the fluid nematic but that the state of nematic order
1-9
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FIG. 11. As for Fig. 10 but with an average gap shear rate of 105 s21. Again, a transition from nematic to isotropic phases is eviden
the profile from the inner to the outer wall. The mode velocity profiles are complex, but again there is no simple correspondence
a high shear rate band and the nematic phase. The data seen at 40 °C again clearly show that the nematic phase exists at low sh
the inner wall.
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generated has high viscosity. Thus, a fluid element initia
residing on the high-shear-rate branch of the flow curve
verts to a state of low shear once nematic order is indu
Further, we propose that once this low-shear-rate stat
achieved, the nematic fluid element will, in time, relax ba
to its isotropic state, as would be expected in thermal eq
librium at zero shear. Figure 13~a! shows spectra following
cessation of shear for fluid initially maintained at 105 s21 at
39 °C, while Fig. 13~b! shows relaxation behavior of th
nematic state. The relaxation process is multiexponen
with the rapid time constant being on the order of or le
than 1 s, and the longer one on the order of 20 s. It should
noted that these data were obtained after shearing the sa
for many hours, the circumstances prevailing during a typ
spatially resolved spectroscopy or velocimetry experime
In contrast, when a fresh sample was sheared for only a
minutes, the amplitude of the rapid decay mode was do
nant, with around 2% amplitude only, for the slow deca
We believe that these different behaviors point to the grad
buildup of mesoscale texture under shear. Clearly, the t
scales forN-I relaxation will determine the rate of fluctua
tions that occur in the velocity field of the Couette cell ga

We are thus able to model the fluid behavior as follow
First, we propose a schematic flow curve as shown in F
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14. This curve has separate isotropic and nematic branc
but we will assume that the high-shear-rate branch is a c
tinuation of the stress plateau of the isotropic fluid, as mi
arise from an underlying constitutive instability of the Do
Edwards type.Unlike the simple rigid rod model, the hig
shear branch is not a state of nematic order. Note that in a
cylindrical Couette cell, under shear-rate controlled con
tions, the absolute stress is indeterminate, but varies as
inverse squared radius. Thus the ratio of the inner to ou
wall stresses is constant and the band of stress across th
will superpose the~logarithmic! flow curve with a well-
defined width, positioned according to the requirements t
the fluid across the gap satisfy the mean shear rate. As sh
in Fig. 14, such a stress band can be positioned with fluid
the high shear branch, but not necessarily at the high
stress within the gap. In other words, it is possible for t
shear band to occur away from the inner wall. We will a
sume that fluid at higher stress than that experienced by
highly sheared layer is in the nematic state and on a h
viscosity branch, as shown.

Second, we assume that the rate at which fluid is c
verted from an isotropic to a nematic state depends on
volume f2 of fluid contained at high shear, i.e., within th
1-10
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SHEAR BANDING AND THE ISOTROPIC-TO-NEMATIC . . . PHYSICAL REVIEW E 64 011501
FIG. 12. Comparison of mode velocity profiles~upper graph!
obtained from velocimetry and average velocity profile~lower
graph! phases obtained by separately analyzing the phase shift
parent on the spectroscopy data for the isotropic and nem
phases.~a! Near-Newtonian behavior is apparent at a gap shear
of 20 s21 and temperature 41 °C and the agreement between the
methods is excellent.~b! At a gap shear rate of 51 s21 and tempera-
ture of 39 °C, shear banding behavior is apparent in the velocim
~upper graph! while the mean phase shift data~lower graph! show a
significant discrepancy. This lack of correspondence, along with
slight difference between the isotropic and ordered~nematic! pro-
files, is consistent with fluctuations in the order and velocity ba
structure.
01150
highly sheared layer. Thus we set the conversion rate pro
tional to the deference between the gap shear rate and
low-shear-rate limit,ġ1 , of the stress plateau, i.e., propo
tional to ġ215 s21. Third we assume that any fluid elemen
once driven nematic by residence in the high-shear-
layer, will subsequently relax to an isotropic state with e
ponential probability and with a relaxation rate that depen
upon temperature. Presumably this relaxation will be g
erned by the probability of forming an isotropic fluid eleme
sufficiently large for nucleation and subsequent growth.
nally, we require that the flow field always readjusts su
that the highly sheared layer~i.e., the fluid on the high shea
branch! will jump to the isotropic fluid element of highes
stress. Such a condition is consistent with the high sh
branch being the highest possible stress state for any iso
pic fluid element. The initial condition, where the fluid
entirely isotropic on startup of flow, is thus determined a
requires that the highly sheared layer originate on the in
wall.

The simple model proposed above is easy to model

p-
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d

FIG. 13. Deuterium NMR spectra obtained during steady-s
shear and subsequent to shear cessation for an initial gap shea
of 105 s21 and temperature 39 °C. The spectra after switch-off w
obtained successively at 500 ms, 1.5, 2.5, and 120 s delay.~b! Time
evolution of total nematic and isotropic fractions before and sub
quent to cessation of shear. Note the multiple time constants ap
ent in the relaxation process.
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merically. A nematic, low-shear-rate phase begins to gr
out from the inner wall bounded by a high-shear-rate laye
expanding radius, until a newly generated nematic fluid e
ment, inside that layer, is able to relax back to an isotro
state. As soon as that happens, the high shear layer ju
back in radius to this new position. Relaxation from nema
to isotropic states may occur without jumps in the position
the high shear layer, provided that these transitions occu
lower stress than that experienced by the currently sele
high shear layer. Relaxation of an element at higher st
will, however, always result in a repositioning of the layer
lower radius. Thus a competitive process is established
which the averaged degree of nematic order will vary acr
the gap, the extent of the nematic band penetration dep
ing on shear rate~I-N transition rate! and temperature~N-I
relaxation!. In this competition, the highly sheared lay
wanders about with a characteristic time on the order
many seconds. For low temperatures and high shear r
the highly sheared layer may seldom approach the inner
very closely but be mostly positioned midgap. Nonethele
the velocity distribution of an inner layer will be skewe
from the mode~the wall speed! down to low velocities, cor-
responding to periods when high shearing occurs loca
This is exactly what is observed in Fig. 8. Furthermo
whenever the fluid is locally isotropic, it will be either highl
sheared or at low~outer band! velocities, whereas in a nem
atic state the fluid is capable of experiencing high~inner
band! velocities due to being in a viscous state close to
inner wall. As a consequence, we expect that mean nem
velocities will exceed mean isotropic velocities, exactly
seen in Fig. 12.

In the numerical modeling, the gap is divided into 1

FIG. 14. Schematic constitutive flow curve consistent with
model proposed in this work in which a high viscosity~low shear
rate! nematic branch exists. The schematic velocity profile ass
ated with this curve is shown below.
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spatial elements and the rate ofI-N conversion in each ele
ment is set to two elemental volumes per time step in
case of the highest shear rate~105 s21!. The N-I relaxation
time constant,t, per nematic element is set to 1000 tim
steps at 40 °C and varied with temperature so as to fit
data@see Fig. 16~b!#. In modeling the relaxation process, th
function exp„2(t2t8)/t… is compared with a random num
ber between 0 and 1 to determine whether a decay to
isotropic state occurs, wheret is the current time andt8 is the
time at which the nematic state was created. Figure 15 sh
a set of representative instantaneous order-parameter pro
calculated using this simple model. Note the fluctuation
the position of the highly sheared band in accordance w
the description above. Figure 16 shows the result of a tim
averaged sequence in which the degree of order is aver
over 10 000 time steps. For this number of steps, a w
defined steady-state distribution is apparent. Superpose
the calculated profiles in Fig. 16~a! are the observed order
parameter distributions for the 20, 51, and 105 s21 experi-
ments, at a temperature of 39 °C. For these data, the re

i-

FIG. 15. Stress distributions and associated order profiles
different points in the evolution of the band structure, according
the simple model based on a balance ofI-N conversion andN-I
relaxation. In~a!, the high shear band generates a viscous nem
state and the stress readjusts to higher values. Subsequent rela
~b! of nematic material generates in~c! a complex structure in
which the shear band is positioned on the isotropic fluid at high
stress.
1-12
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ation time constant is fixed at 3500 time units and theI-N
transition rate is scaled asġ215 s21. Figure 16~b! shows the
variation with temperature at a fixed shear rate of 51 s21. The
respective relaxation times used to represent the data a
40, and 41 °C are 3500, 1000, and 50 time steps. The
merical parameters used for the time series shown in Fig
correspond to the case of 105 s21 and 40 °C and were chose
to give a reasonable fit. Thus theN-I relaxation rate appear
to scale quite steeply asDTa, whereDT is the temperature
difference from the equilibrium isotropic transition anda
56.

CONCLUSION

By means of deuterium NMR spectroscopy on the he
water molecule probe, we are able to observe nematic or
ing in the system CTAB/D2O. The splittings observed in th
nematic phase are independent of shear rate and cons
with the formation of a highly ordered micellar state. T
small size of the splitting, of around 15 Hz, results fro
motionally averaged sampling of the structure by the wa
molecule, in which the residual order inherited by the de
teron order is around 1025. We show that the width of the

FIG. 16. Mean order profiles, calculated using the simple mo
of Fig. 15, averaged over a sufficient number of time steps to g
erate an asymptotic result.~a! shows the comparison of the da
obtained at fixed temperature along with the theoretical curves
which the conversion rate is set proportional to the displacemen
the shear from the onset of the plateau.~b! shows the comparison o
the data obtained at fixed shear rate along with the theore
curves, in which the relaxation rate scales as;DT6.
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nematic region in the annular gap of our Couette cell
pends on shear rate. Our results are consistent with the
servation in birefringence studies of a bright h-band who
width depends on shear rate, and in exact quantitative ag
ment with the degree of order measured in neutr
diffraction measurements. We also show that the nem
bandwidth depends strongly on proximity to the equilibriu
I-N transition. Our measurements of the dependence o
nematic fraction on shear rate agree well with independ
neutron-scattering data on the same system.

We are able to use NMR velocimetry to measure veloc
profiles under the same shear rate and temperature condi
used in the spectroscopic study, observing both wall slip
shear banding effects. Close analysis of the velocity distri
tion in individual pixels suggests that the velocity field e
hibits fluctuations, a conclusion supported by comparison
mean and mode values. Our results clearly indicate that s
banding and nematic ordering effects are related but that
induced nematic state is certainly not a state of high sh
rate and low viscosity. On the contrary, we observe exce
ingly low shear rates in clearly nematic fluid under con
tions of high stress existing near the wall of the inner cyl
der, and this leads us to conclude that the process of shea
induces a nematic state of high viscosity. We conjecture
the viscous nature of this phase is connected with mesos
ordering, a proposition supported by our observations of
laxation following shear cessation after different periods
buildup. This mesoscale behavior may arise from mice
association, aided by alignment, or by the formation
higher-order texture. One might ask why such high viscos
behavior is not seen in mechanical rheometry studies on
nematic phase. It may be that the shear-induced nem
phase differs from that formed in equilibrium. Alternativel
mechanical rheometry may be confounded by slip effe
We note that in velocimetry experiments performed here
the thermal equilibrium nematic phase, a high degree of
was observed.

Because of the viscous nature of the nematic state ge
ated under shear, no steady-state banded structure is pos
since the high shear band in due course evolves to a
sheared phase. The continuous transitions from the h
shear branch to the viscous nematic branch are counte
anced by subsequent relaxation of nematic order. A sim
model based on this competition provides a nice represe
tion of our order profiles, along with their dependence
shear rate and temperature. It also accounts for the appa
fluctuations in velocity profiles suggested by the broad
locity distributions measured in each pixel.

Our work raises a number of intriguing questions. Wha
the characteristic time scale for any fluctuations in the vel
ity field, and do these times correspond with the measu
time constants for relaxation from the nematic to isotro
state on cessation of shear? In our experiments, we find
the magnitude of the isotropic component is always perc
tibly larger at the inner wall. Does the wall inhibit orderin
or does this increased isotropic behavior reflect a predo
nant positioning of the highly shear layer at the rotating s
face? We suggest that time-resolved velocimetry and b
fringence measurements at high spatial resolution will
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needed to elucidate these issues.
The most pressing question raised by our work conce

the nature of the shear-induced nematic phase. Why is
nematic state in wormlike micelles highly viscous, in co
trast with the lowered viscosity state expected for rigid rod
In this context, we note with interest the finding of Pines a
co-workers@57# that certain micellar systems may form g
states when ordered under shear. We propose that the s
induced nematic state of CTAB/D2O exhibits a mesophas
structure consistent with enhanced viscosity.

It is clear that shear banding and order banding do
necessarily coincide. The use of velocimetry profiling
therefore strongly indicated in any experiments in which
dering effects are examined via scattering, birefringence
NMR spectroscopy experiments. The data presented her
dicate the value of measuring both shear rate and order
files under the same conditions. Failure to do so can lea
misinterpretation of the hydrodynamic state of highly o
dered fluid. While the present NMR work reveals a degree
complexity in the behavior of wormlike micelles that wa
hitherto unsuspected, the outcome of this work is also h
s
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ful in bridging the gap between the various spectrosco
methods. In particular, we believe that the correspondenc
birefringence effects and quadrupolar splitting effects in
CTAB/D2O system, along with the close quantitative agre
ment found between NMR and neutron-scattering meas
ments of nematic fractions, helps in providing a useful li
between optical, neutron-scattering, and NMR investi
tions.

We would caution that the observations contained in t
study are peculiar to the particular system being investiga
namely a non-Maxwellian wormlike micellar system in th
concentrated regime, and close to anI-N transition. Nonethe-
less, we suggest that the results have significant implicat
for the modeling of flow instabilities in nematic systems.
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