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Defectcorrelation in liquid crystal: Experimental
verification of cosmologicalKib ble mechanism
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Abstract. In this talk we presentobservationof correlatedproductionof strengthonedefectsand
anti-defectsformedin isotropic-nematicphasetransitionin NLC. We find the width � of the dis-
tribution of net winding number, to be in goodagreementwith the valuepredictedby the Kibble
mechanismfor defectproduction.
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1. Kib ble mechanism

Particlephysicsmodelsof theearlyUniversebearseveralsymmetrybreakingphasetran-
sitions.Topological defects aresupposedto have formedin suchphasetransitions.

Kibble [1], in 1976, proposeda mechanismof formation of topologicaldefects. He
postulatedthat:

1. At a phasetransitiontheUniverseis brokenup into ��������	�
� of brokensymmetry
phase,andtheorderparametervariesrandomlyfrom onedomainto theother.

2. In betweentwo domains,theorderparameterinterpolatesfollowing theshortestpath
onthevacuummanifold(orderparameterspace).This is calledasthegeodesic rule.

As anexamplewe consideraphasetransitionassociatedwith aspontaneous������� sym-
metrybreakingin ( ����� )-dim. This allows for theexistenceof vortex solutionwherethe
phaseof theorderparametervariesby ����� arounda closedloop,asexplainedin thetalk
by Srivastava. A typical field configurationin thesystemaftera phasetransitionwill look
asin figure1. Averageorderparameterin eachdomainis givenby thearrows. Thevari-
ationof theorderparameterin thedomainboundariesis obtainedusingthegeodesicrule.
This is shown within a dashedcurveatoneof thedomainboundaries.

Using theseprescriptionsonecanfind junctionsof domainsin physicalspace,around
which phaseof theorderparametervariesby 2� on a closedloop (denotedby thedotted
circle), therebyleadingto a vortex at the junction. Variousother kinds of topological
defectscanbesimilarly arguedto have formedvia this mechanism.
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Figure1. Figure 2. Theconfigurationof orderparameterin a 2-
D systemaftera phasetransition.Theorderparameter
in eachof thedomains,denotedby solid boundaries,is
givenasa vector, whosemagnitudeanddirectiongives
themagnitudeandphaseof theorderparameterrespec-
tively.

2. Kib ble mechanismin laboratory

Thebasicpictureof formationof topologicaldefectsasproposedby Kibble for cosmology
is basedon topological ideasand is not sensitive to the variousdetailsof the models.
Motivatedby this fact,Zurek[2], in 1985,proposedto testKibble mechanismin superfluid!
He. Chuanget al [3], studiedscalingof defectsin nematicliquid crystal(NLC) in 1991.
However to verify Kibble mechanismthereweretwo specifictheoreticalpredictionsto

bechecked:

1. Densityof defectsperdomain
2. Strongcorrelationin defectsandanti-defects.

In 1994,Bowick, Chandar, Schiff andSrivastava [4], for the first time experimentally
verified the theoreticalpredictionsof defectdensity. Later, similar studiesweredonein!
He by Hendryet al [5].
In thepresentwork we experimentallyverify thesecondprediction,thattheproduction

of defectandanti-defectis highly correlated.Below weexplainhow thecorrelationarises.

3. Why oneexpectscorrelatedproduction of defectsand anti-defects?

In the caseof ������� symmetrybreakingthe orderparameterspaceis a circle (figure 2b).
Wetakeajunctionof 3 domains,whereadefectof winding � 1 is formed(figure2a). If we
take a similar junctionnearby, we canonly have a " 1 winding there,providedthe angle
in thefourth domainlie in anarcantipodalto thearcformedby phasesin thetwo nearby
domains.

However if the secondjunction is of different type (e.g. a junction of four or more
domains),thenonemay get a � 1 winding or a " 1 winding thereaccordingto the field
interpolation,but the resultantprobability of forming a " 1 defectin the vicinity of � 1
defectis clearlyenhanced.As a result in a givenregion on anaveragetheprobability of
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gettingnon-zerovaluefor #%$'&)(+*,",(.- getssuppressed.HereN is thetotalnumberof
defects,(+* and (.- arethetotalnumberof defectsandanti-defectsrespectively.

4. Distinguishing random production fr om Kib ble mechanism

In our above example,aftera phasetransitionwhentopologicaldefectshave formed,we
divide the whole samplespaceinto boxeseachcontainingon the averageN defects.We
thendraw thedistribution of #%$ . If defectsareformedwithout any correlation,thenthe
distributionwill have its peakat #%$'&0/ anda standarddeviation 12&0$436587 .

Now, supposethat defectsformed via Kibble mechanism.We chooseone box. Let
its perimeterbe 9 . #%$ insidethe box equalsthe total winding on the perimeter. If the
elementarydomainsizeis : thenthereare 9<;=: numberof domainsalongthe perimeter.
According to Kibble mechanism,eachdomainhasindependentdistribution of phaseof
scalarfield. The orderparameterspacebeinga circle, the variationin phasein any two
consecutive domainsmaybeany valuebetween0 and � . Soaverageangularvariationis�>;�� . This thusbecomesa randomwalk problemwith steps�?�@;=A or "B�=;=A for #%$ . The
distributionwill thenhaveapeakat #%$'&0/ with astandarddeviation 12&C�@;=AD�E9F;@:��636567 .
Thefirst predictionof Kibble mechanismsaysthat total numberof defectsN, insideeach
box, is proportionalto thetotal numberof domains�G9<;=:�� 7 , insidethebox. For ���H�=� case
in ( �I�J� )-dim. it canbeshown thatprobabilityof adefectperdomainis �=;@A . Sostandard
deviation 1LKM/NPORQ�$ 365 ! (or /SNPQT�U$ 365 ! ) if elementarydomainsaretriangular(or square).
Sothewidth of distribution is moresuppressedasa functionof $ in thiscase.

5. The experimentwith nematic liquid crystal

In our experimentwe take a dropletof NLC andstudynematic-isotropicphasetransition.
The NLC consistsof rod-like molecules. At high temperaturethesemoleculesareran-
domly oriented.Thusthe orderparameterwhich is givenby the local alignmentis zero.
This is calledIsotropic phase. Below a critical temperaturethemoleculesbecomelocally
alignedandtheorderparameteris non-zero.This phaseis calledtheNematic phase. The
orientationof theorderparameteris givenby a unit vector(with oppositedirectionsiden-
tified) calledasthedirector. This leadsto theorderparameterspaceV�WB7�XY�EZ[7=;]\ 7 � .

We observe strengthonevorticesformedin the I-N interface,for which the orderpa-
rameterspaceis effectively acircleaswearguebelow. Wefirst heatuptheNLC dropletto
its isotropicphase( ^+_`K0aRbRc C). As welet thedropto cooldown slowly, weobservephase
transitionoccurringuniformly overa thin layer in thedrop. As a resultanI-N interfaceis
formed. At the interfacethe anchoringof the director forcesit to lie on a conewith half
angle K0b�Adc . This forcestheorderparameterspacethereto becomeacircle Z`3 .

Dueto birefringenceof NLC, whenthesampleis placedbetweenacrosspolarizersetup,
thenregionswheretheprojectionof thedirector on theplanecontainingtheelectricfieldef

is eitherparallelor perpendicularto
ef
, polarizationis maintained,andthe region ap-

pearsdark.Otherregionsdepolarizelight andappearbright. Soaroundadefectof strength
‘s’ therewould be‘4s’ numberof darkbrushes.Thesignof thewinding canbefoundby
rotatingthecrosspolarizersetupandnoticingthedirectionof rotationof thebrushesabout
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Table1. Comparisonbetweentheoreticalpredictionsandexperimentalobservation.

Theoreticalpredictions Experimentalobservations

Randomproduction Kibble mechanism

gEh?ikj+lnm gEhoikj+lpm gEh?ikjqlpm�r m�s
�ktnu rwv ��t v�r m=x for triangulardomains � lJv�rwvys`z2m�r mU{

��t v�r xU| for squaredomains

thedefect.Conventionallyif brushesfrom adefectrotatesin thesame(opposite)direction
of rotationof thecross-polarizer, it is adefect(anti-defect).

6. Results

We took a photographcontainingseveralhundreddefectsandsubdividedthepictureinto
boxeseachcontainingon theaverage$}KC��/ defects.Plottingthedistributionof #%$ we
determinedstandarddeviationof 1 from this plot. Thefollowing tableshows theresults.

7. Conclusions

Theseresultssupportthe Kibble mechanismas the underlyingmechanismof topologi-
cal defectformationin NLC. The testcanbe improveduponby verifying thepower law
behavior of thevariance1~K�$ 3�5 ! .

This is the first experimentalverificationof defectanti-defectcorrelationasfar aswe
know. Also in systemswhere the domainsare not visible (e.g. is phasetransitionof
secondorderor via spinodaldecomposition)experimentallymeasuringdefectdensityis
not possible.In suchcasesonecanstudythestatisticsof defectdistribution asdiscussed
aboveto understandtheunderlyingmechanismof defectformation.
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