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Wereportexperimentsemployingx-rayphotoncorrelationspectroscopy(XPCS)tocharacterizethevelocityprofiles
ofcomplexfluidsinCouetteflow.TheapproachinvolvesmodelingtheXPCScorrelationfunctionsobtainedwiththe
incidentx-raybeampassingtangentiallythroughtheCouettecellgapatvariousdistancesfromtheinnerwall.Wefirst
demonstratethetechniquewithmeasurementsonadilutecolloidaldispersionintheNewtonianliquidglycerol,where
theexpectedlinearvelocityprofilesarerecovered. Wethenemploythetechniquetomaptheshear-rate-dependent
velocityprofilesofashear-thinningdispersionofnematicallyorderedGibbsiteplatelets.Thenonlinearvelocityprofiles
oftheGibbsitedispersionincludeanarrowslipregionadjacenttotheouterwallandabandwithsmallvelocity
gradientintheinteriorofthegapthatevolvesintoaregionincreasinglyresemblingplugflowwithincreasingshear
rate.Variationsinthevelocityprofilealongthevorticitydirectionindicateaninstabilityintheinterfacebetweenthis
regionofsmallvelocitygradientandaregionofhighvelocitygradientneartheinnerwall.Analysisofthesmall-angle
scatteringpatternsprovidesinformationaboutthespatialandtemporalvariationsinthenematicorderoftheGibbsite
dispersionandtheircouplingtothevelocityprofile.AdditionalpotentialapplicationsofthisXPCS-basedtechnique
andcomparisonswithestablishedmethodsforcharacterizingvelocityprofilesarediscussed.

I. INTRODUCTION

Thenon-Newtonianflowbehaviorofacomplexfluidim-
pliesthatitsviscosityisshear-ratedependentandthatits
velocityprofiledisplaysdeviationsfromthelinearflow. At
lowReynoldsnumbers,non-Newtonianbehavioristypically
duetoshear-inducedchangesinmicrostructure. Hence,an
intimateconnectionexistsbetweenstructuralchangesand
velocityprofile,whichoftenvariesintimeaswellasin
space.Therefore,acompleteunderstandingofcomplex,non-
Newtonianflowrequiresthesimultaneousacquisitionofthe
mechanicalresponse,thelocalvelocity,andthelocalstruc-
ture.Insituvelocityprofilingcanbeachievedbyoptical
techniqueslikelaserDopplerheterodynelightscattering1–3,
opticalcoherencetomography(OCT)4,andparticleimaging
velocimetry5,6;however,thesetechniquesrequireanoptically
transparentsample,althoughlesssoforOCT,whichlimits
therangeofapplications.Rheo-NMR7–9andultrasonicrheo-
velocimetry(USV)10–13havebothbeensuccessfullyapplied
toopaquesamples,butthesetechniquesalsohaveimpor-
tantdrawbacks.USVneedsseedingwithparticlesthatscat-
tersound,andmoreover,thistechniquedoesnotsupplyany
structuralinformation. Rheo-NMRdoessupplybothstruc-
turalandflowinformation,butitsdrawbacksincludelongac-
quisitiontimes,whichprecludethestudyoftemporalfluc-
tuations.Here,weintroduceamethodthatemployscoherent

a)leheny@jhu.edu
b)p.lettinga@fz-juelich.de

x-rayscatteringtomeasurethevelocityprofileincomplexflu-
idsundersteadyshearinCouettegeometryandcharacterize
theirshear-dependent,heterogeneousmicrostructuresimulta-
neously.

Coherentx-rayscattering,specificallyx-rayphotoncorre-
lationspectroscopy(XPCS),canbeasensitiveprobeofflow
velocitiesduetotherelativeDopplershiftbetweenscatter-
ersintheflowmovingatdifferentvelocities14,15.Combined
withthespatialresolutionaffordedbythesmallbeamsize
employedincoherentx-rayscattering,thisfeaturemakesthe
techniqueapromisingapproachforcharacterizingnonlinear
flowprofilesincomplexfluids.Severalpreviousstudieshave
exploredtheapplicationofXPCSforcharacterizingflowve-
locities.Mostofthisworkhasfocusedondilutecolloidaldis-
persions,whoseNewtonianflowpropertiesservedtodemon-
stratethepotentialofthetechniqueforcharacterizingflowin
microfluidicchannels15–18orundersimpleshear14,19,20.In
particular,Urbaniandcoworkers17exploitedthemicrometer-
scalebeamsizeinXPCStoobtainspatiallyresolvedinfor-
mationregardingNewtonianflowaroundcornersandnear
constrictionsinmicrofluidicchannels. XPCShasalsobeen
combinedwithinsiturheometrytoconnectmicrostructural
dynamicswithrheologicalbehaviorincomplexfluids.In
onesuchapplicationof“rheo-XPCS”, Westermeieretal.20

characterizedthetransientstructuraldynamicsinacolloidal
fluiduponthecessationofshearathighPécletnumberand
correlatedthebehaviorwiththerelaxationofshear-induced
changestothemicrostructure.Inanother,Chenetal.21in-
vestigatedtheslowstructuraldynamicsassociatedwithstress
relaxationinacolloidalglassfollowingstepstrainsandcor-
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relatedthedecayinthestresswithslow,flow-likedynamics
intheglass.
Inthepresentstudy,weemployXPCStoinvestigatethe

nonlinearflowbehaviorofdispersionsofnanometer-scalecol-
loidalplateletsinthenematicphaseundersteadyshear.In-
organiccolloidalplateletsinthenematicphaseareidealfor
illustratingthecapabilitiesofXPCSforcharacterizingveloc-
ityprofilesforseveralreasons.Nematicsystemsinshearflow
candisplaystrongshearthinning22duetoreorientationalmo-
tionofthedirector23–26,resultingintheformationofbanded
structuresasobservedbypolarizationmicroscopyundershear
forcolloidalrods27andplatelets28,29.Inadditiontothetum-
blingmotion,confinementplaysanimportantroleforcol-
loidalplatelets,asthecombinationofwallanchoringandtum-
blingmotionarepredictedtocauseflowinstabilities24,25,30–33,
andplateletsareknowntoexhibitstrongwallanchoring34,35.
Indeed,astronglyheterogeneousstructurehasbeenobserved
inpipeflowofcolloidalplateletdispersions36.However,the
relationbetweenstructureandflowstillremainstobeidenti-
fied.Rheo-SAXSisaprovenmethodtoprobethecouplingof
complexflowbehaviorandtheshear-inducedchangesinne-
maticstructure37–39.However,informationonthelocalflow
velocitythroughoutthefluidisrequiredforfullunderstand-
ing.Astherelativelyhighopacityofthedispersionsprohibits
theuseofopticaltechniquesforvelocityprofiling,rheo-XPCS
istheidealmethodofchoice.
InSec.IIbelow,wedescribethefluidsthatarethesub-

jectofthestudy,whichincludethenon-Newtoniandispersion
ofnematicplatelets,composedofthemineralGibbsite,and
asecond,Newtonianliquidcomposedofadilutedispersion
ofsphericalcolloidsinglycerol.Inaddition,weprovidein
Sec.IIdetailsregardingtheexperimentalproceduresinthe
rheo-XPCSmeasurements.SectionIIIsummarizestheprin-
ciplesinrelatingtheresultsofanXPCSmeasurementona
fluidinCouetteflowtoitsvelocityprofile.InSec.IVA,we
demonstratethemethodusingmeasurementsontheNewto-
nianliquid,andinSec.IVBwereportthefindingsonthe
nematicGibbsitedispersion,whichincludecharacterization
oftheshear-rate-dependentvelocityprofileandcomplemen-
taryresultsontheshear-rate-dependent,heterogeneousne-
maticorderinthedispersion.Finally,inSec.Vweassess
thecapabilitiesofXPCSforcharacterizingvelocityprofiles
anddiscusspossiblefuturedirectionsforapplyingthemethod
toothercomplexfluids.

II. EXPERIMENTALMETHODS

A. Fluidsunderstudy

Twofluidswereincludedintheexperiments.Thefirstwas
adispersionofcolloidalsilicaspheresdispersedintheNew-
tonianliquidglycerolatcolloidvolumefraction1%.Thecol-
loidshadanaveragediameterofD=182nmwithapoly-
dispersity∆D/D=1.5%,asdeterminedbySAXSfroma
highlydilutedispersion.Detailsonthesynthesisofthecol-
loids,whichwereemployedinanearlierXPCSexperiment40,
canbefoundinRef.41
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FIG.1.ViscosityasafunctionofshearrateoftheGibbsitedispersion
measuredinaplate-plategeometry.

TheotherfluidwasadispersionofGibbsite[γ-Al(OH)3],
whicharecharged,disk-likecolloidswithradius125±16
nmandthickness8.4±2.8nm,inan80/20glycerol/water
solutionwith12%colloidalvolumefraction. TheGibbsite
plateletsweresynthesizedfollowingaprocedurefromRef.42

andcharacterizedusingtransmissionelectronmicroscopy.At
12%volumefraction,theplateletsareinanematicphasein
whichtheplateletfacesorientinacommondirection,which
definesthelocalnematicdirector̂n42–44.
IntheCouettecell,theplateletsalignwiththeirfacespar-
alleltothecellwalls;thatis,n̂isintheradialorgradient
(∇v)direction.Figure1showstheflowcurveoftheGibbsite
dispersionmeasuredunderconstantshearrateinaplate-plate
geometry.Thebehavioristypicalofashear-thinningmate-
rialandsimilartothebehaviorobservedwithothercolloidal
platelets22,45.Theshearstressσscaleswiththeimposedshear
rateinasub-linearpower-lawrelation,σ∝γ̇m,withm≈0.17,
sothatη∝γ̇−0.83.

B. Rheo-XPCS

Therheo-XPCSexperimentswerecarriedoutatSector8-
IDoftheAdvancedPhotonSource.Thesampleswerecon-
tainedintheCouettecellofastress-controlledrheometer(An-
tonPaarMCR-301)mountedonthebeamline. TheCou-
ettecellwascomposedofthin-walledpolycarbonateallowing
transmissionx-rayscatteringmeasurementswithlittleatten-
uationorparasiticscatteringfromthecontainer,asdescribed
previously21.Thecell’sinnerandouterradiiwerenominally
Rin=5.5mmandRout=6.1mm,respectively,leadingtoa
nominalgapofH=600µm.Apartiallycoherent,10.9keV
x-raybeam(wavelengthλ=0.114nm)ofsize100×20µm2

(V×H)wasfocusedverticallytoa3×20µm2spotonthe
sample.Anareadetector(X-spectrumLAMBDA750K)46,47

positioned4.91mafterthesamplemeasuredthescatteringin-
tensityovertherange0.02nm−1<|q|<0.65nm−1,where
of|q|=4πsin(θ/2)λisthemagnitudeofthescatteringwave
vectoratscatteringangleθ.
Measurements,depictedschematicallyinFig.2,wereper-
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FIG.2.Schematicsdepicting(a)athree-dimensionalrenderingand
(b)atopviewoftheCouettecellwiththeincidentcoherentbeam
passingthroughtheleftedgeofthecell.Pointsinthecellgapare
specifiedbythedistancefromtheouterwallrandbytheCartesian
coordinatesystemshownin(b),andthebeampositionisspecified
bythelargesthorizontaldistancexthatitobtainsfromtheouterwall
whenpassingthroughthesample.Anx-rayareadetectorbehindthe
cellcapturesthecoherentscatteringintensityintransmission.Note
thatthedistancetothedetectorandtheCouettecellradiiandgap
widtharenotshowntoscale.

formedwiththeaxisoftheCouettecellorientedverticallyand
thehorizontalincidentbeamdirectedtangentiallythroughthe
sideofthecellatvariousdistancesfromtheouterwall.In
thisconfiguration,theincidentbeam,andhencetheincident
x-raywavevectorki,wasapproximatelyparalleltotheflow
(v)direction,butduetothecurvatureoftheCouettecell,it
alsomadeasmallanglewiththeflowdirectionintheflow-
gradient(v−∇v)planethatvariedasittraversedthesample.
Further,inthesmall-anglescatteringregimeofthemeasure-
ments,kiandfinalx-raywavevectorkfwerenearlyparallel,
so(since|kf|≈|ki|)thescatteringwavevector,q=kf−ki,
wasessentiallyperpendiculartoki.Therefore,thevertical(̂z)
componentofqwasinthevorticity(∇×v)direction,while
thehorizontal(̂x)componentwasapproximatelyparallelto
thegradientdirectionbutalsohadasmallcontributionparal-
leltotheflowdirectionthatagainvariedwithpositionalong
thepathoftheincidentbeam.Asdescribedbelow,thissmall
componentofqparalleltotheflowdirectionwasimportant

sinceitenablesthecharacterizationofthevelocityprofiles
acrossthecellgap.
Tomeasureavelocityprofile,i.e.,thevelocityasafunc-
tionofpositioninthegapofafluidundersteadyshear,a
constantshearratewasappliedbytherheometer,andthe
measurementsweretakenoncethesamplereachedasteady
state.Shearratesappliedtothedilutesilicadispersionranged
from0.0001to0.16s−1,whilethreeshearrateswithnominal
values0.04,0.16,and0.32s−1(precisevaluesgivenbelow)
wereappliedtotheGibbsitedispersion.Aseriesofmeasure-
mentsweremadewiththeincidentbeamatelevenpositions
acrossthegapfromtheoutertotheinnerwallduringsteady
shearateachrate.Wecharacterizethepositionofthebeamin
eachmeasurementbyitsmaximumdistancexfromtheouter
wallduringitspassagethroughtheCouettecell,asdepicted
inFig.2(b).
Ateachbeamposition,coherentx-rayscatteringpatterns
werecapturedbythedetectoratarateof1000fpsfor20sec-
onds.Fivesuchmeasurementswereperformedateachhor-
izontalposition,withthebeamtranslatedinthez-direction
typicallyby60µmbetweeneachmeasurement.Thetempo-
ralvariationsincoherentscatteringduringeachmeasurement
causedbythedynamicsofthefluidwerecharacterizedusing
theintensityautocorrelationfunction,

g2(q,τ)=
<I(q,t)I(q,t+τ)>t

<I(q,t)>2t
, (1)

whereI(q,t)isthescatteringintensityatscatteringwavevec-
torqandtimet,τisthedelaytime,andthebracketsrefer
toaveragesoverthedurationofeachmeasurementandover
detectorpixelswithinasmallrangeofq. Thecalculation
ofg2(q,τ)furtherinvolvedemployingthemulti-taucorre-
lationroutineinwhichprogressivelylargersetsofsequen-
tialimageswerefirstaveragedwhencorrelatingacrosssuc-
cessivelylargerdelaytimessothattheresultingdelaytimes
werespacedquasi-logarithmicallyatlargedelaytime48.This
multi-tauroutingfacilitatesdeterminingg2(q,τ)overabroad
dynamicrangeandimprovesstatistics,whichprovedimpor-
tantinthepresentstudy.
Inthecaseofhomodynescattering,likeinthepresentex-
periments,theintensityautocorrelationfunctionisrelatedto
thefieldcorrelationfunctiong1(q,t)throughtheSiegertrela-
tion,

g2(q,t)=1+β|g1(q,t)|
2 (2)

whereβistheinstrumentalopticalcontrast,whichvaries
from0to1dependingonthecoherencepropertiesofthe
beam,thescatteringgeometry,andthesolidanglesubtended
byadetectorpixel.Thefieldcorrelationfunction,whichis
equivalenttotheintermediatescatteringfunction,provides
fundamentalinformationaboutthedynamicsinthesample.
Specifically,forasystemofNpscatterers,
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g1(q,t)=
E∗(q,t)E(q,0)

I(q)
∼
Np

∑
k=1

Np

∑
l=1

b∗k(q,0)bl(q,t)exp[−iq·(rk(0)−rl(t))] (3)

wherebk(q,t)isthescatteringlengthofthek
thscatterer,rk(t)

isthescatterer’sposition,E(q,t)istheelectricfieldassoci-
atedwiththescatteredwave,whichisrelatedtothescattering
intensitybyI(q,t)=E∗(q,t)E(q,t),andthebracketsindicate
anensembleaverage.

III. XPCSUNDERCOUETTEFLOW

Inahomodynescatteringmeasurement,thedecayofthe
autocorrelationfunctionforacolloidaldispersionunderflow
generallyhasthreecontributions14,49.Oneresultsfromgra-
dientsintheflowvelocityacrosstheilluminatedvolume,a
secondisfromdynamicsintrinsictothedispersionlikedif-
fusionofthecolloids,andathirdresultsfromthetransitof
fluidintoandoutoftheilluminatedvolume. Underappro-
priateconditions,thesecontributionscanbefactorized14,49,
sothatthetheoreticalformofthenormalizedautocorrelation
function,∆g2=(g2−1)/β,canbeexpressedas

∆g2(q,τ)=∆g
d
2(q,τ)∆g

ω
2(q,τ)∆g

t
2(q,τ), (4)

where∆gd2,∆g
ω
2,and∆g

t
2representthecontributionsfromdif-

fusion,flowgradient,andtransit,respectively.
Fortheconditionsofourmeasurements,inwhichtheflow
isnearlyparalleltotheincidentbeam,thedecorrelationtime
duetotransitismuchlargerthanthoseduetotheother
contributions. Therefore,wecanmaketheapproximation
∆gt2(q,τ)=1. Thediffusiontermtypicallytakesanexpo-
nentialform,

∆gd2(q,τ)=e
−ΓDτ, (5)

whereΓD(q)isthediffusivedecayrateatwavevectorq.The
flowgradienttermforasystemofidenticalscatterersunder
flowcanbeevaluatedby

∆gω2(q,τ)=
1

Np
2

Np

∑
k=1

Np

∑
l=1

cos[q·(vk−vl)τ], (6)

whereNpagainisthenumberofscatterersintheilluminated

region,andvkisthevelocityduetoflowofthek
thscatterer.

ConsideringthescatteringgeometryshowninFig.2,wesee
thatinthesmall-anglescatteringregimeqisinthex-zplane,
whilevisinthex-yplane;hence,q·v=qxvx. Replacing
thesumsoverthescatterersinEq.(6)withintegralsoverthe
incidentbeampath,wethereforeobtain

∆gω2(q,τ;x)=
1

4y20

y0

−y0

y0

−y0

cos{qxτ[vx(x,yk)−vx(x,yl)]}dykdyl

=
1

4y20

y0

−y0

y0

−y0

{cos[qxτvx(x,yk)]cos[qxτvx(x,yl)]

+sin[qxτvx(x,yk)]sin[qxτvx(x,yl)]}dykdyl

(7)

wherey0= R2out−(Rout−x)
2ishalfthepathlengthtrav-

elledbythebeamthroughthefluidatagivenbeampositionx,
asdepictedinFig.2(b).ThecircularstreamlinesinCouette
flowimplyvx(x,y)isanoddfunctionofy,hencetheintegral
overthesinetermsiszero,leadingto

∆gω2(q,τ;x)=
1

y20

y0

0
cos[qxτvx(x,y)]dy

2
. (8)

Togetherwiththecontributionfromdiffusion,thefullform
of∆g2(q,τ;x)forscatteringfromafluidunderflowinthe
geometryofFig.2thereforeis

∆g2(q,τ;x)=
e−ΓDτ

y20

y0

0
cos[qxτvx(x,y)]dy

2
. (9)

InSec.IVAbelow,weadaptEq.(9)tothecaseoflinearshear
flowandemployittoanalyzemeasurementsonthedilutedis-

persionofsilicacolloidsinglycerol.Thoseresultsprovide
aframeworkforanalyzingthemeasurementsontheGibbsite
dispersion,forwhichnonlinearvelocityprofilesareobtained,
asdescribedinSec.IVB.

IV. RESULTS

A. Newtonianfluid:linearvelocityprofile

Figure3showsasetofcorrelationfunctionsmeasuredon
thedilutesilicacolloiddispersioninglycerol,whoserheology
isthatofaNewtonianfluid.Thecorrelationfunctionswere
measuredatqx=0.032nm

−1andqz=0atnominalshearrates
0.0001,0.04,and0.16s−1withtheincidentbeamatdifferent
positionsxrelativetotheouterwall.Forclarity,onlydata
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fromsixpositionsareshown;datafromallelevenpositions
canbefoundintheSupplementaryMaterial.Eachdatasetis
theaverageoverfivemeasurementsatthesamexbutdifferent
verticalpositionsintheCouettecell.

AsFig.3shows,∆g2(qx,τ;x)decaysatsmallerτasthe
measurementpositionxincreasesfromtheoutertotheinner
wall. Wecanunderstandthisvariationqualitativelyasfol-
lows.AstheincidentbeampassesthroughtheCouettecell,
themagnitudeanddirectionofthelocalflowvelocityvaries
withlocationyalongthebeampath,wherey=0istakenas
themidpointofthepath,asshowninFig.2(b).Duringthefirst
halfofthebeam’spaththroughthesample(y<0),theveloc-
ityincreaseswithysincethebeamtraversespointsthatare
increasinglyfarfromthestationaryouterwall.Thevelocity
peaksatthemidpointofthebeampath,andthendecreasesfor
therestofthepathinasymmetricmanner.Themagnitudeof

theanglebetweenthelocalvelocityandthebeamvariesinthe
oppositeway;itfirstdecreaseswithincreasingywheny<0
andincreaseswheny>0.Therefore,whenthemeasurement
positionisclosertotheinnerwall(largerx),thebeamnotonly
passesthroughhighervelocityregions,butalsomakeslarger
angleswiththelocalvelocityinpartofitspath,sotogether
qxvxinEq.(9)reacheslargervalues,leadingtofasterdecay.
Tomodelthecorrelationfunctionsquantitativelyweas-
sumetheglyceroldispersionhasauniformshearratėγacross
thecellgapandhencealinearvelocityprofile. Thex̂-
componentofthevelocityalongthepathoftheincidentbeam
atposition(x,y)inthiscaseis

vx(x,y)=̇γRout
y

(Rout−x)2+y2
−y. (10)

InsertingthisresultintoEq.(9),weobtainanexpressionfor
∆g2(qx,τ;x)foralinearprofile,

∆g2(qx,τ;x)=
e−ΓDτ

y20

y0

0
cos{qẋγτ[Rout

y

(Rout−x)2+y2
−y]}dy

2
(11)

ToobtainthedecayrateΓDduetodiffusion,weexamine
∆g2(qx,τ;x)fromthemeasurementsatthesmallestnominal
shearrate,γ̇=0.0001s−1. Notethatthecorrelationfunc-
tionsatthisshearrate(Fig.3(a))showlessvariationwithx
thanthoseatthehighershearrates(Figs.3(b)and(c)).This
smallervariationisaconsequenceofthesignificantcontribu-
tionmadebydiffusion,whichisindependentofbeamposi-
tion,atthesmallestshearrate.Inparticular,attheoutermost
beamposition,wherethelocalflowvelocityisverysmalland
largelyparalleltotheincidentbeam,wecanmaketheapprox-
imationthatthecontributionfromtheflowgradientstothe
decayof∆g2(qx,τ;x)isnegligible(∆g

ω
2=1).Thesolidline

inFig.3(a)showstheresultofafitofanexponentialdecay
tothisdataset,whichdescribesthedataaccuratelyandgives
ΓD=0.74±0.04s

−1.Thisvalueisclosetotheexpectedde-
cayrateforthespheresdiffusinginglycerol.

Ouranalysisof∆g2(qx,τ;x)focusesonthehigherrates
wherethecontributionfromflowtothedecayofthecorre-
lationfunctionismorepronouncedthaninFig.3(a). This
contributionisapparentinFigs.3(b)and(c)notonlyfromthe
variationindecayratewithbeampositionbutfromthefaster-
than-exponentialshapeofthedecay.Inprinciple,withΓD
known,Eq.(11)providesanexactexpressionfor∆g2(qx,τ)
atbeampositionxforalinearvelocityprofilewithgivenCou-
ettecellradiusRoutandshearrateγ̇.However,whiletherel-
ativevaluesofxfordifferentmeasurementswereprecisely
controlledbythemotorsthattranslatedtherheometerinthe
beambetweenmeasurements,theabsolutevaluesofxwith
respecttotheouterwallcouldonlybeapproximatedatthe
timeoftheexperiment.Therefore,inmodeling∆g2(qx,τ;x)
atdifferentx,weintroduceafreeparameterx1thatspecifies
thepositionofthebeaminthemeasurementclosesttothe
outerwall,andthevalueofthisparametersetsthepositions

oftheothertenmeasurementsacrossthegap.Asecondun-
certaintyinthemeasurementswasthegapwidthoftheCou-
ettecell,whichpotentiallydifferedfromthenominal600µm
duetosmalldeviationsfromspecificationsduringmanufac-
turingofthepolycarbonatecellordeformationofthethincell
wallsovertime.Toaccountforthisuncertaintywhenmod-
elingthedata,weassumethattheinnerradiusisRin=5.5
mm,andwetakethegapwidthHasasecondfreeparam-
eter.Consequently,RoutistakenasRout=Rin+H,andthe
trueshearrateistakenaṡγ=γ̇nHn/H,wherėγnandHn=600
µmarethenominalshearratesetbytherheometerandnomi-
nalgapwidth,respectively.Aleast-squaredminimizationwas
adoptedtofittheeleven∆g2(qx,τ;x)atvariousxandagiven
nominalshearratesimultaneouslyusingEq.(11)withx1and
Hasfreeparameters.Resultsofthefitsaredepictedbysolid
linesinFigs.3(b)and(c)forthedataatnominalshearrates
0.04and0.16s−1,respectively.(Theresultsofthefitsatall
elevenbeampositionsattheseshearratescanbefoundinthe
SupplementaryMaterial.)

AsFigs.3(b)and(c)illustrate,thefitsagreewellwiththe
measuredcorrelationfunctionsoverthemainpartsofthede-
caysof∆g2(qx,τ;x),andimportantlythemodelaccurately
capturesthevariationinthedecayratewiththepositionofthe
beaminthegap.However,themodellineshapesalsoinclude
oscillationsinthetailsofthecorrelationfunctionsatlargeτ
thatareonlypartiallyresolvedintheexperimentaldata.While
suchoscillationsareatypicalfeatureofcorrelationfunctions
measuredunderflow15,weattributetheirattenuationinthe
experimentalresultstothemulti-tauroutineemployedtoob-
tain∆g2(qx,τ;x)fromthex-rayimages,whichhastheeffect
ofsmearingnon-monotonicfeaturesinthecorrelationfunc-
tionatlargedelaytimes,andtothefinitewidthofthebeam,
whichsimilarlyhastheeffectofsmearingsuchfeaturesby
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effectivelyaveragingoverarangeofx.Despitethesediscrep-
anciesinthetailsof∆g2(qx,τ;x),theoverallqualityofthe
fits,whichincludeonlytwoparametersforallelevencorre-
lationfunctions,indicatesthevalidityofEq.(11)andofour
assumptionofalinearvelocityprofileinthedilutecolloiddis-
persion.Thefitresultsyieldedx1=33±2µmandH=629
±17µm.Thisdifferencebetweentheactualandnominal
gapwidthsimpliestheactualappliedshearrateswereslightly
smallerthanthesetvalues.Specifically,theactualshearrates
ofthemeasurementswere9.5×10−5,0.038,and0.15s−1for
thenominalratesof0.0001,0.04,and0.16s−1,respectively.
Importantly,thesameCouettecellwasusedinthemeasure-
mentsontheGibbsitedispersion,andthereferencepointfor
thebeampositioninthecellwasunchangedbetweenexperi-
ments,hencetheseparameterswerealsoemployedinanalyz-
ingtheGibbsiteresultsdescribedbelow.

B. Gibbsitedispersion:nonlinearvelocityprofileandslip
region

Figure4(a)showsanexampleofanareadetectorimageof
thescatteringpatternobtainedfromtheGibbsitedispersion
undershear.Thisspecificmeasurementwastakenatx=55
µmwhilethedispersionwasundershearat0.038s−1.The
anisotropyinthescatteringintensityisindicativeofthene-
maticorderinthedispersion,withthetwolobesofscattering
nearq=0.083nm−1correspondingtoaninterparticlestruc-
turefactorpeakrelatedtothenearest-neighborcorrelations
betweenplateletsalongthedirection̂nofthenematicdirector
(i.e.,normaltothefaceoftheplatelets).Asillustratedinthe
cartooninFig.4(b),thescatteringpatternplottedinFig.4(a)
indicatesthatthedirector̂nisinthiscaseorientedapproxi-
mately,butnotprecisely,paralleltôx.Thismeansthatthe
plateletsalignnominallywiththeirfacesparalleltotheCou-
ettecellwalls,andhencênisapproximatelyalongthegradient
direction.Thedeviationof̂nfromthisdirection,expressedin
termsoftheangleθmbetween̂nand̂xisdiscussedbelowin
Sec.IVB4.
Figures5(a),(b),and(c)displayresultsfor∆g2(qx,τ;x)at
qx=0.03nm

−1andqz=0obtainedfrommeasurementsonthe
Gibbsitedispersionatshearratesof0.038,0.15,and0.31s−1,
respectively.Eachsetofdatacorrespondstomeasurementsat
thesameelevenpositionsxintheCouettecellgapasthosein
themeasurementsonthedilutecolloiddispersion,andeach
curveisagainanaverageoverfivemeasurementsatthesame
xbutdifferentverticalpositionsinthecell. Datafromall
elevenhorizontalpositionsareshownintheSupplementary
Material. Acomparisonoftheseautocorrelationfunctions
withthoseobtainedwiththedilutecolloiddispersionatthe
sameshearratesimmediatelyindicatesastronglynonlinear
velocityprofileintheGibbsitedispersion.Forinstance,com-
paringthe∆g2(qx,τ;x)atashearrateof0.038s

−1inFig.3(b)
withthosein5(a),oneseesthatatthepositionclosesttothe
outerwall,x=33µm,∆g2(qx,τ;x)
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oftheGibbsitedisper-
sionhasadecaytimethatisalmostfivetimesfasterthanthat
ofthedilutecolloiddispersion.Thisdifferenceisevidencefor
alargevelocitygradientindicativeofahigh-shear,slipregion

FIG.3. ∆g2(qx,τ;x)measuredonthesilicacolloiddispersionin
glycerolatqx=0.032nm

−1andqz=0undernominalshearrates(a)
0.0001,(b)0.04,and(c)0.16s−1at6differentpositionsinthegap
asspecifiedbytheincidentbeam’sdistancexfromouterwalllisted
inthelegend.Thethinsolidlinesin(b)and(c)showtheresultsof
fitsusingEq.(11).Thethicksolidlinein(a)showstheresultofa
fittothedataatx=33µmusingasimpleexponentialfunction.For
clarity,onlydatafromsixpositionsareshown;datafromalleleven
positionscanbefoundinSupplementaryMaterial.

intheGibbsitedispersionneartheouterwall,whichhasbeen
observedinmanycomplexfluids50,51.

Thisslipregionhasastronginfluenceonthemeasure-
mentsatallx,since,asseeninFig.2,regardlessofxthe
incidentbeampassesthroughtheregionneartheouterwall
uponenteringandexitingthefluid.Indeed,ameasurement
atagivenxdependsontheflowdynamicsnotonlyatthat
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FIG.4.(a)ScatteringpatternfromtheGibbsitedispersionunder
shearrate0.038s−1withtheincidentbeampassingtangentially
throughthesideoftheCouettecellatx=55µmfromouterwall.
Thetworectangularregions,centeredonqx=±0.03nm

−1andqz=
0andspanning0.012×0.015nm−2(qx×qz),indicatetheregions
includedincalculating∆g2(qx,τ;x).(b)Cartoonofthenematic
plateletsorientedwithrespecttotheshearflow.

distancefromtheouterwallbutatalldistancesfrom0to
x.Consequently,∆g2(qx,τ;x)measuredatdifferentxarenot
independentofeachother.Thisinterdependencecombined
withtheclearlynonlinearflowintheGibbsitedispersioncre-
atesachallengeforanalyzingthe∆g2(qx,τ;x)atdifferent
xtodeterminethevelocityprofile.Inparticular,whileone
canobtainexactexpressionsfor∆g2(qx,τ;x)fromEq.(9)for
anarbitraryvelocityprofile,theexperimentspresentthein-
verseproblemofneedingtoobtainv(x,y)fromthemeasured
∆g2(qx,τ;x).Therefore,asdescribedbelow,toanalyzethe
resultsfortheGibbsitedispersion,weadoptmodelfunctional
formsforv(x,y)usingtwodifferentapproachesandtestthe
suitabilityofeachbyemployingtheminfitsto∆g2(qx,τ;x).
First,weapproximatethevelocityprofileacrossthegapbya
sequenceofbandswithdifferentshearrates;thatis,wemodel
thenonlinearvelocityprofileasapiece-wiselinearfunction.
Second,weemployapower-lawvelocityprofilethatisknown
toleadtoshearthinningbehaviorlikethatinFig.1.Inaddi-
tion,toobtainthecontributionfromdiffusiontothecorre-
lationfunctionlineshape,wefit∆g2(qx,τ)measuredonthe
Gibbsitedispersionunderquiescentconditions(i.e,noapplied
shear). Resultsofthismeasurementatqx=0.03nm

−1are
shownbytheblackasterisksinFig.5(a),andthelinethrough
thedatashowstheresultofafitusinganexponentialform
fromwhichthediffusivedecayrateΓD=0.42±0.01s

−1is
obtained.(Notesincethisdecayrateismeasuredatawave
vectoralonĝx,itcorrespondstothediffusionoftheplatelets
paralleltôn. Measurementswiththewavevectoralonĝz
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FIG.5.∆g2(qx,τ;x)measuredontheGibbsitedispersionatqx=0.03
nm−1andqz=0underconstantshearrate(a)0.038,(b)0.15,and
(c)0.31s−1,respectively,at6positionsinthegapasspecifiedbythe
distancesfromtheouterwalllistedinthelegend.Thethinsolidlines
showtheresultsoffitsusingthepiece-wiselinearmodel(Eq.(14))
withfiveshearbands(n=5).Alsoshownin(a)bytheblackasterisks
is∆g2(qx,τ)measuredonthedispersionunderquiescentconditions
atqx=0.03nm

−1.Thethicksolidlinethroughthequiescentdata
showstheresultofafitusinganexponentialformtocharacterize
diffusionparalleltothenematicdirector.Forclarity,onlydatafrom
sixpositionsisshown;datafromallelevenpositionscanbefoundin
theSupplementaryMaterial.

dicatethediffusioninthenematicdispersionisanisotropic,
andthediffusioncoefficientismuchlargerperpendiculartôn
thanparallel.)
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FIG.6.SchematicofatopviewoftheCouettecelldepictingave-
locityprofileinthepiece-wiselinearmodelcomprisedofthreeshear
bands(n=3)ofwidthdiandshearrateγ̇i. Atthebeamposition
shown,theincidentbeampassesthroughallthreeshearbands.

1. Piece-wiselinearmodel

Inthepiece-wiselinearmodel,depictedschematicallyin
Fig.6,anonlinearvelocityprofileisapproximatedbydividing
theCouettecellgapintoasetofnconcentricbandseachwith
adifferentwidthdianduniquelocalshearrateγ̇i,whereiis
indexedstartingfromtheouterwall.Thevelocityprofileis
obtainedbytreatingthediandγ̇iasfreeparametersthatare
optimizedbyfittingtoalleleven∆g2(qx,τ;x)simultaneously.
(Notethatsincethewidthsofthebandsmustsumtothegap
spacing,∑di=H,thetotalnumberoffreeparametersforn
bandsisN=2n−1.)Withinthekthshearband,themagnitude
ofthevelocityatposition(x,y)is

vk(x,y)=
k

∑
i=1

γ̇idi+γ̇k[Rout− y2+(Rout−x)2−
k

∑
i=1

di] (12)

anditsx-componentis

vk,x(x,y)=
k

∑
i=1

γ̇idi
y

(Rout−x)2+y2
+γ̇k(Rout−

k

∑
i=1

di)
y

(Rout−x)2+y2
−γ̇ky. (13)

Thepredictedformof∆g2(qx,τ;x),includingthecontributionfromdiffusion,atbeampositionxisthus

∆g2(qx,τ;x)=
e−ΓDτ

y20

n

∑
i=1

yi−1(x)

yi(x)
cos[qxvi,x(x,y)τ]dy

2
(14)

wherenisthenumberofshearbandsthattheincidentbeamatpositionxpassesthrough,andthelimitsoftheintegralarethe
positionsinyatwhichtheincidentbeamcrossesshear-bandboundaries:

yi(x)=






R2out−(Rout−x)
2, i=0

(Rout−
i

∑
j=1
dj)2−(Rout−x)2, i=1,2,...,n−1

0, i=n.

(15)

Ofcourse,thelargerthenumberofbandsnthatarein-
cluded,themorefinelyanonlinearvelocityprofilecanbe
modeledbutattheexpenseofanincreasingnumberoffree
parameters.Todeterminetheminimumnumberofbandsthat
providesanadequateapproximationofthevelocityprofile
intheGibbsitedispersion,weplotinFig.7themeandis-

crepancyχ,definedasthesquarerootofaveragedsquared
differencebetweenthebestfitsusingEq.(14)andthedata
pointsofalleleven∆g2(qx,τ;x)ateachnominalshearrate,
whereineachcasetheelevencorrelationfunctionsarefitsi-
multaneously,asafunctionofthenumberoffittingparame-
ters.Forreference,thehorizontallinesinFig.7indicatethe
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FIG.7.Themeandiscrepancyχoffitsasafunctionofnumberof
fittingparametersN.Theopensymbolsarethemeandiscrepancies
offitsusingthepiece-wiselinearmodelwithnumbernofbands
fromtwotofive.Theclosedsymbolsarethediscrepanciesoffits
usingthepower-lawmodel,whichhasfourfittingparameters.The
dashedlinesindicatediscrepanciesoffitsinwhicheachindividual
∆g2(qx,τ;x)isfitusinganempirical,compressed-exponentialline
shape.

meandiscrepanciesobtainedfromfittingeach∆g2(qx,τ;x)
individuallywithanempiricalcompressed-exponentialline-
shape,whichcapturestheshapeofthecorrelationfunctions
wellandthereforecanberegardedasprovidinganestimate
ofthecontributiontothediscrepancyfromstatisticalnoise.
(NotesuchanalysisemploysN=22fitparameters.)Asthe
figureillustrates,thediscrepancydecreaseswithanincreasing
numberofbandsupton=4butappearstoplateaubyn=5.
Thevalueofthediscrepancyatn=5islargerthantheesti-
matedcontributionfromstatisticalnoise,indicatingsomeper-
sistentsystematicdeviationsbetweenthemodelandthedata.
ThelinesinFig.5showtheresultsoffitsateachnominal
shearrateusingthepiece-wiselinearmodelwithn=5.As
thefigureindicates,themodelcapturesthemeasuredcorrela-
tionsaccuratelyintheouterportionofthegap(smallerx),but
deviationsareapparentclosetotheinnerwall.Onecontrib-
utortothesedeviationsisheterogeneityinthevelocitypro-
filesalongthevorticitydirectionthatdistorttheexperimental
∆g2(qx,τ;x),whichaveragesovermultiplemeasurementsat
differentheightsintheCouettecell. Theseheterogeneities
arediscussedinSec.IVB3below.Inaddition,aswiththe
resultsforthedilutesilicadispersion,themodellineshapes
includeoscillationsinthetailsofthecorrelationsfunctionsat
largeτthatarelargelysmearedoutinthedata. Weattribute
thissmearingintheexperimentalresultstothesameeffects
describedinSec.IVA.

Figure8showsthevelocityprofilesoftheGibbsitedisper-
sionundershearrates0.038,0.15,and0.31s−1obtainedfrom
thebestfitsusingEq.(14)withn=

30

25

20

15

10

5

0

v 
[µ
m
/
s]

(a)

 0.038 piece-wise fit
 0.038 power-law fit

100

80

60

40

20

0
v 
[µ
m
/
s]

(b)

 0.15 piece-wise fit
 0.15 power-law fit

250

200

150

100

50

0

v 
[
µ
m
/
s]

6005004003002001000

r [µm]

(c)

 0.31 piece-wise fit
 0.31 power-law fit

5.Notethattheveloc-
itygradientineachbandandthewidthsofthebands,which
arefreeparametersthatcandifferatthedifferentengineered

FIG.8.VelocityprofilesintheGibbsitedispersionasafunctionof
distancerfromtheCouette-cellouterwallunderconstantengineered
shearratesof(a)0.038,(b)0.15,and(c)0.31s−1asobtainedby
fittingtheXPCSdatawiththepiece-wiselinearmodel(dashedlines)
andpower-lawmodel(solidlines).Thesolidpointsatx=629µm
indicatetheengineeredvelocityoftheinnerwallateachshearrate.

shearrates,changewithengineeredrate,reflectinganevolu-
tioninthevelocityprofile.However,akeysimilarityamong
thethreeprofilesisanarrowshearbandclosesttotheouter
wallwithahighlocalshearrate,whichcorrespondstothe
slipregionmentionedabove.Thethicknessoftheslipregions
are19.5,24.2,and5.6µmunderengineeredshearratesset
bytherheometerof0.038,0.15,and0.31s−1,respectively,
andtheshearrateintheregionisapproximatelyfourtimes
astheengineeredshearrateineachcase. Movingintothe
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gapfromthisslipregion,thevelocityprofiledeviatesincreas-
inglyfromalinearprofileastheshearrateincreases. The
velocityprofilesattheengineeredshearrates0.15and0.31
s−1,showninFig.8(b)and(c),respectively,displayregions
inwhichthelocalshearrateisnearlyzeroandhencetheve-
locityisnearlyconstant,likeaplugflow.Thewidthofthe
low-gradientbandextendsmorethan300µmacrossthecen-
tralportionofthegap.Inaddition,abandwithahighshear
rateisfoundbetweentheregionofplug-likeflowandtheinner
wall.Incontrast,thevelocityprofileattheengineeredshear
rateof0.038s−1,showninFigure8(a),containsamoremod-
estupwardcurvaturebeyondtheslipregionwithoutregions
withsuchpronounceddifferencesinshearrate.Theaverage
shearratesbasedonthefits,obtainedbydividingthefitted
velocitiesattheinnerwallbythewidthofthegap,are0.033,
0.08,and0.34s−1fortheengineeredratesof0.038,0.15and
0.31s−1,respectively.Thediscrepanciesbetweenthevalues
atthelowertwoshearratessuggestanarrowslipregionalso
formsattheinnerwall.Thefactthatthisslipdisappearswhen
theshearbandsformisindicativeofthecompetitionbetween
shearbandingandwallslip11.

2. Power-lawmodel

Thesecondapproachtomodelthenonlinearvelocitypro-
fileoftheGibbsitedispersionisbasedonthefactthatthe

dispersionisashear-thinningfluid,asillustratedbyFig.1.
Undercertaincircumstances,shearthinningfluidsarepre-
dictedtoformapower-lawvelocityprofileundersteadyshear
52.Specifically,whenafluidunderCouetteflowdisplaysa
power-lawstress-strainrelation,σ∝γ̇m,itsunderlyingveloc-
ityprofilecantakeonapower-lawform,

v(r)=ω0Rin
r1−2/m−R

1−2/m
out

R
1−2/m
in −R

1−2/m
out

(16)

whereristhedistancefromtheouterwall,andω0istheangu-
larvelocityoftheinnerwall.Asdiscussedabove,irrespective
ofthemodeling,thedatafromtheGibbsitedispersionshows
clearevidenceofaregionofslipneartheouterwall,soin
modelingtheresultswiththepower-lawvelocityprofile,we
alsoincludeaslipbandwithshearrateγ̇mandwidth∆near
theouterwall.Thus,thefullexpressionforthevelocityinthe
CartesiancoordinatesofFig.2(b)is

v(x,y)=






γ̇m[Rout− (Rout−x)2+y2], Rout− (Rout−x)2+y2≤∆

γ̇m∆+vp

Rout−∆

(Rout−x)2+y2

2/m−1
−1

Rout−∆

Rin

2/m−1
−1

,∆<Rout− (Rout−x)2+y2≤H
(17)

wherevpisthevelocitydifferenceacrosstheportionofthegapwiththepower-lawprofile.TheXPCScorrelationfunctions
measuredatbeampositionxforthisvelocityprofilearetherefore:

∆g2(qx,τ;x)=
e−ΓDτ

y20

y0

0

cos[qx
v(x,y)y

(R2out−x
2)+y2

τ]dy
2
. (18)

Employingthesameproceduretothatusedwiththepiece-
wiselinearmodel,wefitEq.(18)toalleleven∆g2(qx,τ;x)
acrossthegapsimultaneouslyforeachnominalshearratewith
fourfittingparameters:thewidth∆andshearratėγoftheslip
region,theshear-thinningexponentm,andthevelocityincre-
mentvp. Thevelocityprofilesobtainedfromthesefitsare
showninFig.8assolidlines.Theprofilesobtainedwiththis
power-lawmodelshowreasonablesimilaritytothoseobtained
withthepiece-wiselinearmodel.Inparticular,thetwomod-
elsareingoodagreementregardingthesizeandshearrate
oftheslipregionneartheouterwall. However,thequality
ofthefitsusingthepower-lawmodelisinferiortothatusing
thepiece-wiselinearmodel,especiallyattheengineeredshear

ratesof0.15and0.31s−1.Thisdifferenceinthequalityof
thefitsisindicatedinFig.7,wherethesolidsymbolsshow
thediscrepanciesχbetweenthebestfitsusingthepower-
lawmodelandtheexperimental∆g2(qx,τ;x).Thepower-law
modelhasalargerχthanthepiece-wiselinearmodelwith
threebands(n=3)despitehavingonemorefreeparameter.
Thefailureofthepower-lawmodelatthehighertwoshear
ratesappearstoresultfromthedifficultyofthemodelincap-
turingtheregionofplug-likeflowinthemiddleofthecellgap
andthedramaticvariationinvelocityneartheinnerwallthat
isproducedbythepiece-wiselinearmodel.
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FIG.9.Standarddeviationinthedecorrelationrateof∆g2(qx,τ;x)
normalizedbythemeandecorrelationrate(a)acrossfivemeasure-
mentsatthesamehorizontalbutdifferentverticalpositionsinthe
gapand(b)acrossfivesegmentsofasinglemeasurementasfunc-
tionsofhorizontalposition.Dataisshownforthethreeengineered
shearrates,asindicatedinthelegend.

3. Spatialheterogeneityinflow

Asmentionedabove,afeatureoftheflowoftheGibb-
sitedispersionisspatialheterogeneityinthevelocityprofile
alongthevorticitydirection,whichbecomesparticularlypro-
nouncedatthelargestshearrate,0.31s−1.Evidenceforthis
heterogeneitycomesfromcomparingXPCScorrelationfunc-
tionsobtainedatthesamehorizontalbeampositionxbutat
differentheightszintheCouettecell. Recallthatateach
horizontalpositionasetoffiveXPCSmeasurementswere
performedatbeampositionsspacedby60µmalongthez
(vorticity)direction.Toquantifytheheterogeneityatdiffer-
entheights,wedefinethedecorrelationrateΓofeachnor-
malizedcorrelationfunctionastheinverseofthedelaytime
atwhichthefunctiondecaysto1/eandcalculatethestan-
darddeviationσzinthedecorrelationrateovereachsetoffive
measurements.Figure9(a)displaysthisstandarddeviation,
normalizedbythemeandecorrelationrate,asafunctionhor-
izontalpositionxacrossthegapforthethreeshearrates.The
standarddeviationsat0.31s−1showapronouncedpeaknear
themiddleoftheCouettecellgap,x≈300µ
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FIG.10.(a)Scatteringintensityatthewavevectorofthestructure
factorpeak,qmax=0.083nm

−1,asafunctionofazimuthalangle
θasseeninFig.4,wheretheshearrateis0.038s−1andthebeam
passesthroughthesideoftheCouettecellatx=55µmfromthe
outerwall.ThelineshowstheresultofafitusingEq.(19).(b)The
azimuthalangleofthepeakinIasafunctionoftimefromthesame
measurement.

largeheterogeneityinthevelocityprofilealongthevorticity
directioninthisregionofthegapatthehighshearrate.As
indicatedinFig.8(c),thislocationinthegapcoincideswith
theinterfacebetweentheregionofplug-likeflowandthere-
gionofhighshearrateadjacenttotheinnerwall.Variationsin
velocityprofilealongthevorticitydirectionhavebeenshown
insystemsthatformshearbands,suchaswormlikemicelle
solutions,asaconsequenceofinstabilitiesthatdevelopatthe
interfacebetweenbands53–57.Theheterogeneityat0.31s−1

impliedbythelargeσzsuggestssuchinstabilitiesaffectthe
interfacebetweentheplug-likeflowandhigh-shearregions.
Incontrast,σzatshearrates0.038s

−1and0.15s−1remains
relativelysmallacrossthecellgap,indicatingnosuchinsta-
bilitiesformatthelowershearrates.Asdescribedabove,the
∆g2(qx,τ;x)inFig.5thatarefittomodelthevelocityprofiles
areaveragesoverthefivemeasurementsatdifferentz,hence
thestrongheterogeneityat0.31s−1hasimplicationsforthe
validityofthemodelingandislikelyasourceoftherelatively
largeχseeninFig.7atthisshearrate.Oneshouldtherefore
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interpretthevelocityprofile,particularlyintheinnerhalfof
thegap,asanapproximateaverageoverthevariationsinthe
vorticitydirectionatthisshearrate.
Instabilitiesintheinterfacebetweenshearbandscanalso

beexpectedtofluctuateintime53. Toobtainameasureof
temporalfluctuationsinthevelocityprofile,wedividedeach
20-secondXPCSmeasurementintofivetimeintervals,each4
secondsand4000frameslong,calculated∆g2(qx,τ;x)andits
decorrelationrateforeachsegment,anddeterminedthestan-
darddeviationsσtofthesedecorrelationrates.Asshownin
Fig.5,all∆g2(qx,τ;x)fullydecaytozerobyτ=1s,sothe
4-secondsegmentsareadequatetodetermineadecorrelation
rate.Figure9(b)showstheresultsforσt,normalizedbythe
meandecorrelationrates,asafunctionofpositionacrossthe
gap.Thestandarddeviationsshowasmallapparentincrease
onmovingfromtheoutertotheinnerwall,butatallposi-
tionsthetemporalheterogeneityissignificantlysmallerthan
thespatialheterogeneitynearthemiddleofthegapat0.31
s−1,indicatingthespatialfluctuationsinthevelocityprofile
atthisshearratehavealifetimethatislongcomparedtothe
20-seconddurationofthemeasurements.

4. Microscopicstructureundershear

ThestrongshearthinningoftheGibbsitedispersionispre-
sumablycoupledtothetumblingbehaviorofthenematicdi-
rectorundersteadyshear,whichalsocontributestothenon-
linearityofthevelocityprofile24,25.Tounderstandthisinter-
dependencebetweenmicrostructureandrheologybetter,we
characterizethenematicorderanditstemporalandspatial
variationswithinthegap.Figure10(a)showsthescattering
intensityIseeninFig.4atthewavevectorofthepeakin
thestructurefactor,qmax=0.083nm

−1,asafunctionofaz-
imuthalangleθwheretheshearrateis0.038s−1andthebeam
passesthroughthesideoftheCouettecellatx=55µmfrom
theouterwall. Theazimuthaldependenceofthescattered
intensityisdescribedbyaMaier-Saupe-typeorientationdis-
tributionfunction,

I(θ)=I0exp[αP2(cos(θ−θm))−1], (19)

whereP2(cos(θ−θm))=
1
23(cos(θ−θm)−1)isthesecond-

orderLegendrepolynomial,αisthewidthoftheintensity
profile,I0isthepeakintensity,andθmistheangleofmax-
imumintensity,whichspecifiestheangleinthevorticity-
gradientplanebetweenthenematicdirector̂nandthegradient
direction38,58,59.Themagnitudeoftheaverageorientational
orderparametercanbedeterminedby

P̄2=
π
0exp[αP2(θ)]P2(θ)sin(θ)dθ
π
0exp[αP2(θ)]sin(θ)dθ

. (20)

Figure11showsthetime-averagevaluesθm andP̄2 along
withthoseofthewave-vectorpositionofthepeak qmax and
theaverageintensityatthepeakIpeak asfunctionsofposi-
tioninthegap.Theerrorbarsindicatethestandarddeviations
overthefivemeasurementsateachhorizontalbeamposition.

Theseparameterscharacterizingthenematicstructureshow
adependenceontheshearratethatcorrelateswiththevari-
ationinthevelocityprofile. Atthetwolowershearrates,
θm isclosetozero,andP̄2 isroughlyconstantexceptin
andneartheslipregionattheouterwallwhereθm shows
largefluctuationswithpositionalongthevorticitydirection
andtheorderparameterissuppressed.Incontrast,at0.31s−1

θm deviatessharplyfromzeroatx≈300µm,theposition
oftheinterfacebetweentheregionofplug-likeflowandthe
high-shear-rateband,indicatingthedirectororientationisaf-
fectedbytheinstabilityintheinterfacediscussedabove.Fur-
ther,P̄2 increasesdiscontinuouslynearx≈300µm,indi-
catingthedegreeofnematicorderisenhancedandhashigh
stabilityinthehigh-shear-rateband. Meanwhile,qmax as-
sumesaroughlyconstantvalue,qmax≈0.83nm

−1,acrossthe
gapatthelowershearratesbutisnotablylargerandposition-
dependentat0.31s−1.Weinterpretthereductioninqmaxwith
ashear-flowinducedtiltofthedirectorintheflow-gradient
planebyanamountknownastheLeslieangle60.Thistiltis
thesmallestandhenceqmaxislargestat0.31s

−1inthere-
gionofplug-likeflowduetothewallanchoringandminimal
shear-inducedtilt. Weinterpretthesmallerqmaxandhence
largertiltatthelowershearratesasaresultofreducedinflu-
enceofwallanchoringduetothewiderslipregionattheouter
wallatthoseshearrates.
Figure10(b)showsthetemporalvariationofθmduringone

measurement,indicatingfluctuationsinthedirectorduringthe
steadyshear.Thestabilityofthestructurecanbecharacter-
izedbythetemporalautocorrelationofθm,definedas

Corrθm(τ)=cos[θm(t+τ)−θm(t)]t, (21)

wherethebracketssignifyaveragingoverallframesinone
measurement.Figure12showsCorrθmasafunctionofde-
laytimeatdifferentpositionsinthegapatthethreeshear
rates. Thefivecurvesineachpanelcorrespondtothefive
measurementsatdifferentheightsateachhorizontalposition.
Overall,thecorrelationfunctiondecaysverylittleoverthe
timeofameasurementandcontainsnoperiodicstructure.At
thesmallestnominalshearrate,thecorrelationcurvesdecay
moreslowly,indicatinggreaterstability.Atanintermediate
nominalshearrate,thecorrelationcurvesshowlargedecay
atpositionsclosertotheouterwall,andthisbehaviorexpands
furtherintothemiddleofthegapatthelargestshearrate.Fur-
ther,atthehighestshearrate,thecorrelationcurvesshowa
fastdecayandlargevariationamongdifferentmeasurements
inthehalfofthegapclosertotheouterwall,whiletheother
half,whichcoincidesapproximatelywiththehigh-shear-rate
band,hasamuchmorestableorientation,consistentwiththe
behaviorseeninFig.11.

V. DISCUSSION

Wehaveshownhowonecanextractacomplexveloc-
ityprofileunderCouetteflow,asillustratedinFig.8,from
XPCSmeasurementsbyscanningthegapwithabeamthat
isdirectedalongthetangentoftheCouettecell,sothatthe
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FIG.11.Timeaverage(a)anglebetweenthenematicdirectorandthe
gradientdirection,(b)orderparameter,(c)amplitudeoftheintensity
atthestructurefactorpeak,and(d)magnitudeofwavevectorofthe
peakofthescatteringpatternasfunctionsofhorizontalpositionin
thegapattheengineeredshearratesindicatedinthelegend.Each
pointisthemeanacrossfivemeasurementsatthesamelateralpo-
sitionandatdifferentverticalpositions,andtheerrorbarsrepresent
standarddeviationsacrossthefivemeasurements.

scatteringplanecoincidesapproximatelywiththegradient-

vorticityplane. Wecandrawthreemainconclusionsfrom
Fig.8regardingthenon-Newtonianflowbehaviorofthene-
maticGibbsitesuspensionthatfurtherillustratethestrengths
andweaknessesofthisXPCS-basedapproach.First,anarrow
slipregionattheouterwallformsatallshearrates.Thesmall
beamsizeandsmallbeamdivergenceensurethatwecanre-
solvethisregionwell.Thischaracterizationcouldpotentially
befurtherimprovedbeyondwhatwedemonstrateherebyem-
ployinganevennarrowerbeam(<2µmisachievable61)and
moretightlyspacedmeasurementsacrossthegap.Indoingso,
thespatialresolutionachievedwiththeapproachcouldreach
micrometerscale,whichissuperiortoestablishedtechniques
forobtainingvelocityprofiles,suchasUSV,NMR,andhet-
erodyneDLS.Moreover,thefactthatthemeasurementsnear
theouterwalldependonlyontheflowbehaviorinthatregion
andarenotconvolvedwiththeflowbehaviorinotherregions
makestheinterpretationoftheslipregionunambiguous.

Second,someslipappearstobepresentattheinnerwallat
thetwolowershearrates,butatthehighestshearrate,theslip
inthisregionappearsnegligible.Theevidenceforthisslipat
theinnerwall,whichisbasedonacomparisonoftheextrap-
olatedflowvelocityandtheengineeredvelocityatthewall,
isonlyindirect,however.Directcharacterizationoftheflow
attheinnerwallwouldhaverequiredpositioningthebeam
preciselyatthewall,andeventhentheresultsofthemeasure-
mentwoulddependnotonlyontheflowbehaviorinthenear-
wallregionbutalsoontheflowprofilethroughoutthegap.
Indeed,asdescribedabove,thisinterdependenceisacompli-
catingfactorintheanalysisofmeasurementsawayfromthe
outerwallthatisadrawbackofthisapproach.

Third,atthehighestshearrate,wecanidentifytwobands
inadditiontotheslipregionattheouterwall,oneofwhich
displaysaplug-likeflowwithnegligibleshearrateandone
withahighshearratenearγ̇high=1s

−1,orapproximately
threetimestheengineeredrate.Theresultsfurthersuggest
asharpinterfacebetweenthesebands,butthisconclusionis
complicatedbytheobservedspatialheterogeneityoftheve-
locityprofilealongthevorticitydirection,whichismostpro-
nouncedneartheinterface.Thisabilitytoresolvespatially
heterogeneityinthevelocityprofilealongthevorticitydirec-
tionisanotherstrengthoftheapproach.Further,theXPCS
resultstogetherwiththeSAXSresultssuggestthatthesus-
pensionatthehighestshearrateisstronglyinhomogeneous
bothinthedynamicresponseandstructure,asalsoobserved
forliquidcrystallinegrapheneoxide29.Specifically,thefluc-
tuationsintheorientationofthenematicdirector,ascharac-
terizedbythedecayofCorrθm(τ),aremostpronouncedin
theregionofplug-likeflowneartheinterfacewiththehigh-
shearband(seethethirdcolumnofFig.12atx=255and
315µm).Insidethehigh-shearband(x 350µm)thesefluc-
tuationsbecomemuchsmaller,whilealsothespatialhetero-
geneityintheflowprofilealongthevorticitydirectiondisap-
pears.Thesechangesarefurtheraccompaniedbychangesin
thestaticstructure,asseeninFig.11,wheretheaveragedi-
rectororientationθmax,orderparameterP̄2,andintensity
Iareplottedversuspositioninthegap.Again,forγ̇=0.31
s−1anabruptchangeisobservedbetweenx=255and315
µm. Thus,theformationofbandsofdifferentlocalshear
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FIG.12.Temporalautocorrelationofθmasafunctionofdelaytimeatdifferentpositionsinthegapaslabeledineachpanelunderengineered
shearrates0.038(leftcolumn),0.15(middlecolumn),and0.31s−1(rightcolumn).Eachpanelincludesfivesetsofdatacorrespondingto
measurementsatthesamelateralpositionbutatdifferentheights.Dashedhorizontallinesatavalue0.9995areincludedinsomepanelstoaid
comparison.

ratescoincideswiththeformationofbandsofdifferingstruc-
ture,whichwecanprobethroughoutthegapwithahighspa-
tialresolution. Wecanthusconcludetheflowisnotstable
aroundtheinterface,similartowhathasbeenobservedprevi-
ouslyinshear-thinningdispersionsofXanthan52.Ourobser-
vationofshear-bandformationbythedispersionofnematic
plateletsathighshearratesconfirmsthepredictionthatthe
interplaybetweenwallanchoringandtumblingmotioncan
induceaflowinstability24,25,forwhichonlystructuralevi-
denceinPoisseuilleflow36andLargeAmplitudeOscillatory
Shearwaspreviouslyavailable60.Forthelowerengineered

shearrates,theseaveragedvalueschangesmoothlywithno
abruptjumps,whichisconsistentwiththerelativelysmooth
nonlinearvelocityprofilesattheseshearrates.Thisabilityto
characterizethevelocityprofileandmicrostructuresimultane-
ouslyisanotherstrengthoftheexperimentalapproach.

VI. CONCLUSION

Inconclusion,thecombinationofspatiallyresolvedstruc-
turalanddynamicinformationprovidedinonegobytherheo-
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XPCStechniquedemonstratedherehasenabledustocharac-
terizeseveralkeyfeaturesofthenonlinearflowbehaviorof
nematicplateletsuspensionsanditscouplingtothenematic
structureincluding(i)thepresenceofaslipregionnearthe
stationarywall,(ii)theformationofabandofplug-likeflow
withincreasingshearrate,and(iii)aninstabilityinthein-
terfacebetweenthisbandandanadjacenthigh-shearband.
Onecanimagineapplyingthistechniquetounderstandthe
flowbehaviorofahostofothernon-Newtonianfluids,partic-
ularlythosewithananoscalestructurethatcouplestotheflow
andisamenabletointerrogationwithsmall-anglex-rayscat-
tering.Lookingtothefuture,onecanfurtheranticipateop-
portunitiestoexpandthisapplicationofXPCSbyleveraging
enhancedcapabilitiesthatongoingandscheduledupgradesto
synchrotronswillafford.Specifically,theincreasedcoherent
x-rayfluxthattheAPSandotherfacilitiesareprojectedto
achieveinthecomingyearsshouldenableXPCSmeasure-
mentsusingsmallerbeamsandprobingmoreweaklyscat-
teringsamplesthanpossibletoday.Theyshouldalsointro-
ducethepossibilityofconductingXPCSmeasurementswith
higher-energyx-rays(toatleast≈25keV)whosepenetration
depthwillfacilitatemeasurementsonsamplesunderflowin
environmentsthatarenotfeasibletoday.Theprinciplesintro-
ducedhereinthisrheo-XPCSstudyofGibbsitesuspensions
shouldprovideaframeworkforthiswork.

VII. SUPPLEMENTARYMATERIAL

Correlationfunctionsg2measuredwithbothsilicaand
Gibbsitecolloiddispersionsatvariousshearratesandall
elevenbeampositionsinthegapofCouettecellareshown
inSupplementaryMaterial.
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