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Defectcorrelationin liquid crystal: Experimental
verification of cosmologicalKib ble mechanism
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Abstract. In this talk we presenbbsenation of correlatedproductionof strengthone defectsand
anti-defectformedin isotropic-nematighasetransitionin NLC. We find the width o of the dis-
tribution of net winding number to be in good agreementvith the value predictedby the Kibble
mechanisnfor defectproduction.
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1. Kib ble mechanism

Particle physicsmodelsof the early Universebearseveral symmetrybreakingphaseran-
sitions. Topological defects aresupposedo have formedin suchphaseransitions.

Kibble [1], in 1976, proposeda mechanisnof formation of topologicaldefects. He
postulatedhat:

1. At aphasetransitionthe Universeis broken up into domains of brokensymmetry
phaseandthe orderparameterariesrandomlyfrom onedomainto the other

2. In betweenwo domainstheorderparametemterpolatesollowing theshortespath
onthevacuummanifold(orderparametespace) Thisis calledasthegeodesic rule.

As anexamplewe considera phaseransitionassociatedvith a spontaneou (1) sym-
metry breakingin (2 + 1)-dim. This allows for the existenceof vortex solutionwherethe
phaseof the orderparametewariesby +27 arounda closedloop, asexplainedin thetalk
by Srivastaa. A typical field configurationin the systemaftera phaseransitionwill look
asin figure 1. Averageorderparametein eachdomainis givenby the arrovs. The vari-
ationof the orderparameteim the domainboundariess obtainedusingthe geodesiaule.
Thisis showvn within adashedurve at oneof thedomainboundaries.

Using theseprescriptionsonecanfind junctionsof domainsin physicalspace around
which phaseof the orderparametewariesby 27 on a closedloop (denotedby the dotted
circle), therebyleadingto a vortex at the junction. Variousother kinds of topological
defectscanbesimilarly arguedto have formedvia this mechanism.
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Figurel. Figure 2. The configurationof orderparametein a 2-

D systemaftera phasetransition. The orderparameter
in eachof the domainsdenotedby solid boundariesis
givenasa vector whosemagnitudeanddirectiongives
themagnitudeandphaseof the orderparameterespec-
tively.

2. Kib ble mechanismin laboratory

Thebasicpictureof formationof topologicaldefectsasproposedy Kibble for cosmology
is basedon topologicalideasandis not sensitve to the various details of the models.
Motivatedby thisfact,Zurek[2], in 1985 ,proposedo testKibble mechanisnin superfluid
4He. Chuanget al [3], studiedscalingof defectsin nematidiquid crystal(NLC) in 1991.

Howeverto verify Kibble mechanisnthereweretwo specifictheoreticalpredictionsto
bechecled:

1. Densityof defectsperdomain
2. Strongcorrelationin defectsandanti-defects.

In 1994, Bowick, Chanday Schiff and Srivastaa [4], for the first time experimentally
verified the theoreticalpredictionsof defectdensity Later, similar studieswere donein
4He by Hendryet al [5].

In the presentvork we experimentallyverify the secondprediction,thatthe production
of defectandanti-defects highly correlated Below we explain how thecorrelationarises.

3. Why oneexpectscorrelated production of defectsand anti-defects?

In the caseof U (1) symmetrybreakingthe order parametespaceis a circle (figure 2b).
Wetake ajunctionof 3 domainswhereadefectof winding+1 is formed(figure 2a). If we
take a similar junction nearby we canonly have a —1 winding there,provided the angle
in the fourth domainlie in anarcantipodalto the arcformedby phasesn the two nearby
domains.

However if the secondjunction is of differenttype (e.g. a junction of four or more
domains),thenone may geta +1 winding or a —1 winding thereaccordingto the field
interpolation,but the resultantprobability of forming a —1 defectin the vicinity of +1
defectis clearly enhanced As aresultin a givenregion on an averagethe probability of
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gettingnon-zerovaluefor AN = n —n_ getssuppressed-ereN is thetotal numberof
defectsn andn_ arethetotal numberof defectsandanti-defectsespectiely.

4. Distinguishing random production fr om Kib ble mechanism

In our above example,after a phasetransitionwhentopologicaldefectshave formed,we
divide the whole samplespaceinto boxeseachcontainingon the averageN defects.We
thendraw thedistribution of AN. If defectsareformedwithoutarny correlation thenthe
distributionwill haveits peakat AN = 0 anda standardeviationo = N'/2.

Now, supposehat defectsformed via Kibble mechanism.We chooseone box. Let
its perimeterbe L. AN insidethe box equalsthe total winding on the perimeter If the
elementarydomainsizeis ¢ thenthereare L/¢ numberof domainsalongthe perimeter
Accordingto Kibble mechanismgachdomainhasindependentlistribution of phaseof
scalarfield. The orderparametespacebeinga circle, the variationin phasein ary two
consecutre domainsmay be ary valuebetweer0 andn. So averageangularvariationis
/2. This thusbecomesarandomwalk problemwith steps+1/4 or —1/4 for AN. The
distributionwill thenhave apeakat AN = 0 with astandardieviationo = 1/4(L/£)'/2.
Thefirst predictionof Kibble mechanisnsaysthattotal numberof defectsN, insideeach
box, is proportionalto the total numberof domains(L/¢)?, insidethe box. For U(1) case
in (2 + 1)-dim. it canbe shown thatprobability of a defectperdomainis 1/4. Sostandard
deviationo ~ 0.57N'/* (or 0.71N'/4) if elementarydomainsaretriangular(or square).
Sothewidth of distributionis moresuppressedsafunctionof N in this case.

5. The experimentwith nematicliquid crystal

In our experimentwe take a dropletof NLC andstudynematic-isotropig@haseransition.
The NLC consistsof rod-like molecules. At high temperaturehesemoleculesareran-
domly oriented. Thusthe order parametemwhich is given by the local alignmentis zero.
This s calledlsotropic phase. Below a critical temperaturéhe moleculeshecomdocally
alignedandthe orderparameteis non-zero.This phaseis calledthe Nematic phase. The
orientationof the orderparameters givenby a unit vector(with oppositedirectionsiden-
tified) calledasthedirector. This leadsto the orderparametespaceRP? = (52 /Zs).

We obsene strengthonevorticesformedin the I-N interface,for which the orderpa-
rameterspacds effectively a circle aswe arguebelown. Wefirst heatuptheNLC dropletto
its isotropicphasgT, ~ 36°C). As welet thedropto cool down slowly, we obsere phase
transitionoccurringuniformly over athin layerin thedrop. As aresultanI-N interfaceis
formed. At the interfacethe anchoringof the director forcesit to lie on a conewith half
angle~ 64°. Thisforcesthe orderparametespacehereto becomeacircle S*.

Dueto birefringenceof NLC, whenthesamplds placedbetweeracrosspolarizersetup,
thenregionswherethe projectionof the director on the planecontainingthe electricfield
Eis eitherparallelor perpendiculato E, polarizationis maintainedandthe region ap-
pearsdark. Otherregionsdepolarizdight andappeabright. Soaroundadefectof strength
‘s’ therewould be‘'4s’ numberof dark brushes.The sign of the winding canbe found by
rotatingthe crosspolarizersetupandnoticingthedirectionof rotationof thebrushesabout
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Table 1. Comparisorbetweertheoreticapredictionsandexperimentalbbseration.

Theoreticalpredictions Experimentabbsenrations

Randomproduction Kibble mechanism

(AN)=0 (AN)=10 (AN) =0.09
oc~31 o ~ 1.02 for triangulardomains ¢ = 1.19 £ 0.04
o ~ 1.26 for squaredomains

thedefect.Corventionallyif brushedrom adefectrotatesn the same(opposite)direction
of rotationof the cross-polarizeiit is a defect(anti-defect).

6. Results

We took a photographcontainingseveral hundreddefectsand subdvided the pictureinto
boxeseachcontainingontheaverageN ~ 10 defects.Plottingthedistribution of AN we
determinedstandardieviation of o from this plot. Thefollowing tableshows theresults.

7. Conclusions

Theseresultssupportthe Kibble mechanismas the underlyingmechanisnof topologi-
cal defectformationin NLC. The testcanbe improveduponby verifying the power law
behavior of thevariances ~ N1/

This is thefirst experimentalverification of defectanti-defectcorrelationasfar aswe
know. Also in systemswherethe domainsare not visible (e.g. is phasetransition of
secondorderor via spinodaldecompositionexperimentallymeasuringdefectdensityis
not possible.In suchcasesnecanstudythe statisticsof defectdistribution asdiscussed
above to understandhe underlyingmechanisnof defectformation.
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