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1.0   INTRODUCTION 

 
In the previous coursesin electromagnetism, youhavelearnttheconceptsof 
electricfield,electrostaticenergyandthenatureofthe electrostaticforce.In the 
presentunit,you will studythe electricfieldin the presenceof an insulator.  
Inthesematerialstherearepracticallynofreeelectrons or 
numberofsuchelectronsissosmallthattheconductionisnotpossible. 
In1837,Faradayexperimentallyfoundthatwhenaninsulatingmaterial–
alsocalleddielectric(suchasmica,glassorpolystyrene etc.)–
isintroducedbetweenthetwoplatesofa capacitor,itisfoundthatthe capacitance isincreased 
by afactor whichisgreater thanone. This factorisknownasthedielectricconstant(K)of 
thematerial.It wasalso foundthatthiscapacitanceisindependentoftheshapeandsizeof the 
materialbutitvariesfrommaterialtomaterial.Inthecaseof glass,the 
valueofthedielectricconstantis6,whilefor wateritis80.All the electronsin 
thesematerialsareboundto theirrespectiveatomsor molecules. 
 
When a  potential difference is applied to the insulators no electric 
currentflows;however,thestudyoftheirbehaviourinthepresenceof anelectricfieldgivesus 
veryusefulinformation.Thechoiceofaproper 
dielectricinacapacitor,theunderstandingofdoublerefractioninquartz or calcitecrystalsis 
basedonsuchstudies.Naturalmaterials,suchas wood, cotton, natural rubber, 
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micaaresomepopularexamples of electricinsulators.Alargenumberof varietiesof 
plasticsarealsogood dielectrics. 

 
Dielectric substances areinsulator (or non-conducting) substances as 
theydonotallowconductionofelectricitythroughthem. 

 
In this unit first, of all we will study a  simple model of  dielectric material and deduce a  
relationship between applied field E and  the dipolemomentpofa 
molecule/atom.Youwilllearnaboutelectric polarisationin 
adielectricmaterialanddefinepolarisationvectorP.You musthavestudiedGauss'slawin 
vacuum.Youwillnowapplyitto a dielectric medium.  Herewewillalsointroduce 
youtoanewvector knownastheelectricdisplacementvectorD.Afterthatwewilldiscuss 
thecontinuityofDandEattheinterfacebetweentwodielectrics. 

 
Inrecentyearsdielectricmaterialshavebecomeimportantespecially 
duetotheirlargescaleuseinelectricandelectronicdevices.Thereis high 
demandfortheimprovementof operating reliabilityofthesedevices.Reliabilityof 
thesedevicesismeasuredtoa greatextentbythe quality of electrical insulation. In the last 
sectionyouwillstudydielectricstrengthandbreakdownindielectrics. 

 

In the nextunityouwillstudythedetailsof capacitors,especiallythe capacitanceof 
acapacitor,energystoredinacapacitor,capacitorwith 
dielectric,differentformsofcapacitors,etc. 

 
2.0    OBJECTIVES 
 
Bytheendof thisunit,youshouldbeableto: 

 

 explainthebehaviourofadielectricinanelectricfield deduceGauss'slawfora 
dielectricmedium; 

 definedielectricpolarisationandclassify dielectricsaspolarand nonpolar; 

 explainDisplacementVector(D)andrelateittotheelectricfield strength(E); 

 definedielectricconstant; 

 stateandderivetheboundaryconditionsonEandD; and 

 explaindielectricstrengthanddielectricbreakdown. 

 

How to Study this Unit: 

 

1. You are expected to read carefully through this unit twice before attempting to 
answer the activity questions. Do not look at the solution or guides provided at the 
end of the unit until you are satisfied that you have done your best to get all the 
answers. 

2. Share your difficulties in understanding the unit with your mates, facilitators and by 
consulting other relevant materials or internet. 
 

3. Ensure that you only check correct answers to the activities as a way of confirming 
what you have done. 
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4. Note that if you follow these instructions strictly, you will feel fulfilled at the end 

that you have achieved your aim and could stimulate you to do more. 
 
3.0    MAINCONTENT 

 

3.1    SimpleModeloftheDielectricMaterial 
 

Youmustbeawarethat: 
 
every material is made up of a very large number of 
atoms/molecules,anatomconsistsofapositivelychargednucleusandnegatively 
chargedparticles,withelectronsrevolvingaroundit,the totalpositivechargeof thenucleusis 
balancedby thetotal negativechargeof theelectronsintheatom,sothattheatom,asa whole,is 
electricallyneutralwith respect toanypoint presentoutsidethe 
atom,amoleculemaybeconstitutedbyatomofthesamekind,orof differentkinds. 
 

 
Tounderstandthepolarisationweshallconsideracrudemodelofthe 
atom.AsimplecrudemodelofanatomisshowninFig.1.1. 

 
 

 
Fig.1.1ModelofanAtom 

 

 

Thenucleusisatthecentre,andthevariouselectronsrevolvingaround itcanbethoughtof 
asasphericallysymmetriccloudofelectrons.For 
pointsoutsidetheatomthiscloudofelectronscanbe regardedas 
concentratedatthecentreoftheatomasapointcharge. 

 
Inmostof theatomsandmolecules,the centresof positiveandnegative charges coincide with 
each other, whereas, in some molecules the centresof the two charges are located at 
different points. Such moleculesarecalledpolarmolecules. 

 
Further,wenotethatin dielectrics,all theelectronsarefirmlyboundto their respective atoms 
and are unable to move about freely. In the absence of an electric field, the charges inside 
the molecules/atoms occupytheirequilibriumpositions.Thearrangementofthemoleculesin 
adielectricmaterialisshowninFig.1.2. 
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Fig.1.2Thearrangementoftheatomsina dielectricmaterial 
 

 

Thechargecentresareshowncoincidentatthecentreof thesphere. Keepingthis pictureofa 
dielectricinmindweshallproceedtostudyits behaviourinanelectricfieldinthenextsection. 

 
3.2    BehaviourofaDielectricinanElectricField 
 

YouhaveseeninSection1.2thatina dielectricmaterial,thecentresof 
positiveandnegativechargesof itsatomsarefoundtocoincideatthe 
centreofthesphere.ItisshowninFig.1.3. 

 
 
 
 
 
 
 
 
 
 
 
 

Fig.1.3Atomsinwhichthecentresofchargesarecoincidentwith 
thecentreofthespheres 

 

 

A charge experiences a  force in  the  presence of  an  electric field. Therefore,whena 
dielectricmaterialis placedin anelectricfield,the 
positivechargeofeachatomexperiencesaforcealongthedirectionof thefieldand 
thenegativechargeina directionoppositetoit.Thisresults 
insmalldisplacementofchargecentresoftheatomsormolecules.This is 
alsotrueofmoleculeswhosechargecentresdo notcoincideinthe 
absenceofanelectricfield.Theseparationofthechargecentresdueto 
anappliedfieldEisshownin Fig.1.4. 

 

Electricdipolemomentperunitvolumeisknownaspolarisation 
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Fig.1.4TheseparationofthechargecentresduetoanappliedfieldE. 

 
 

This phenomenon is called polarisation. Thus when an electrically 
neutralmoleculeisplacedinanelectric  field,itgetspolarised, with 
positivechargesmovingtowardsoneendandnegativechargestowards theother. Theotherwise 
neutralatomthus becomes adipole witha 
dipolemoment,whichisproportionaltoelectricfield. 

 
Nowweconsideranotherkindofmoleculeinwhichthechargecentresdonotcoincideasshownin
Fig.1.5. 

 
 

 
 
 
 
 
 
 
 
 

Fig.1.5Adielectricmaterialinwhichchargecentresdonot coincide 
 

 

Duetothisreasonthemolecule alreadypossessesadipolemoment. Suchmaterials  
arecalledpolar materials. Forsuch  materials, letthe 
initialorientationofthedipoleaxisbeAOBasshowninFig.1.6. 

 

 
Fig.1.6Moleculepossessinga dipolemoment 

 

NowanelectricfieldEisapplied.Thisfieldpullsthechargecentresalong linesparallelto its 
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direction.Thusthe electricfieldexertsa torque onthedipolecausingitto reorientin 
thedirectionofthefield.Inthe absence of  an  electric field these polar materials do not have 
any resultantdipolemoment,asthedipolesof thedifferentmoleculesare orientedin 
randomdirectionsdueto thermalagitation.Whenan electric 
fieldisapplied,eachofthesemoleculesreorientsitselfinthedirection of the field, and a  net 
polarisationof  the material results. The reorientationorpolarisationof themediumis 
notperfectagaindueto thermal agitation.Thuspolarisationdependsboth onfield(linearly)and 
temperature. 

 
 
 
 
 

 

3.2.1 Non-PolarandPolarMolecules 
 

Wehaveconsideredtwotypesof molecules.Onein whichthe centreof 
positivechargescoincidewiththecentreof negativecharges.The 
moleculeasawholehasnoresultantcharge.Moleculesof thistypeare calledNon-
polar.Examplesof Non-polarmoleculesareair,hydrogen, 
benzene,carbon,tetrachloride,etc.Thesecondtypeistheoneinwhich thecentreof 
positivechargesandthecentreof negativechargesdonot coincide. In this case the 
moleculepossesses a permanent dipole moment.Thistypeofmoleculeis calleda 
PolarMolecule.Examplesof polarmoleculesarewater,glass,etc. 

 
Thusweseethat,aNon-polarmoleculeacquiresaDipoleMomentonly 
inthepresenceofanelectric  field:whereasinaPolarMoleculethe 
alreadyexistingdipolemomentorientsitselfin thedirectionof the 
externalelectricfield.Eveninpolarmolecules,thereis someinduced 
dipolemomentduetoadditionalseparation ofcharges,howeverthis effectis 
comparativelymuchsmallerthanthereorientationeffectandis thusignoredforpolarmolecules. 

 
3.2.1 PolarisationVectorP 

 
Letusstudythe effectofanelectricfieldona dielectricmaterialby 
keepingadielectricslabbetweentwoparallelplatesasshowninFig.1.7.Theelectricfieldissetup
byconnectingtheplatestoabattery. 

 
Welimitourdiscussionto ahomogeneousand isotropicdielectric.A 
homogeneousandisotropicdielectricis onein whichthe electrical propertiesarethe 
sameatallpointsin alldirections.Theappliedelectric 
fielddisplacesthechargecentresoftheconstituent moleculesofthe dielectric.Theseparationof 
thechargecentresisshowninFig.1.7.We 
findthatthenegativechargesofonemoleculefacesthepositivecharges of 
itsneighbour.Thuswithinthedielectricbody,thechargesneutralise. However,the 
chargesappearingonthesurfaceof thedielectricarenot neutralised.Thesechargesare 
knownasPolarisationSurfaceCharges. Theentireeffectof thepolarisationcan 
beaccountedforbythecharges whichappearontheendsof thespecimen.Thenetsurfacecharge, 
however,is boundanddependson therelativedisplacementof the charges. It  is reasonable 

ACTIVITY1 
Whataredielectrics?Inwhatrespectsdotheydifferfromconductor? 
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to expect that the relative displacement of positive and negative charges is  proportional 
to the average field E insidethespecimen. 

 

 
 
 
 
 
 
 
 
 
 
 
Fig.1.7: Effect of an Electric field on a dielectric material 
bykeepingadielectricslabbetweentwoparallelplates 

 

 

FromFig.1.7,wefindthatthesepolarisationchargesappearonlyon 
thosesurfacesofthedielectricwhichareperpendiculartothedirection 
ofthefield.Nosurfacechargesappearonfacesparalleltothefield. Sucha 
situationoccursonlyinthespecialcaseof arectangularblockof dielectric keptbetween 
theplatesofaparallelplatecondenser. Itis shownlaterinthissectionthat surfacedensityof 
boundchargesdepends ontheshapeofthedielectricmaterial. 

 
Thepolarisationof thematerialis quantitativelydiscussedin termsof 
dipolemomentinducedby theelectricfield.Recallthatthemomentof a dipoleconsistingof 
chargesqand-qseparatedbya displacementdis givenbyP= - 
qd.Itisknownfromexperimentsthattheinduceddipole 
moment(p)ofthemoleculeincreaseswiththeincreaseintheaverage 

fieldE.WecansaythatpisproportionaltoEor       p  E(1.1) 
 

whereis theconstantof proportionalityknownas Molecular/Atomic Polarisability.Let us 
nowdefinea newvectorquantitywhichweshall represent by  P and shall call it 
polarisationofthe dielectric or just polarisation.PolarisationPis definedas 
theelectricdipolemomentper unitvolumeof the dielectric.Itisimportantto notethattheterm 
polarisationisusedina generalsensetodescribewhathappensina 
dielectricwhenthedielectricissubjectedtoanexternalelectricfield.It isalso usedin 
thisspecificsenseto denotethe dipolemomentperunit volume. 
 
Letusfirstconsideraspecialcaseof npolarisedmoleculeseachwitha 
dipolemomentppresentperunitvolumeofa dielectricandlet allthe 
dipolemomentsbeparalleltoeachother.ThenfromthedefinitionofP 
 
P = npFromtheabovedefinition,unitsofPare 
 
 

UnitsofP= Coulombmm3 = Coulomb = 

m2 

 

Cm2
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In general,Pisa pointfunctiondependinguponthecoordinates.In such 
cases,wheretheidealsituationmentioned aboveisnotsatisfied,  we 
wouldconsideraninfinitesimalvolumeVthroughoutwhichallthep's 
canbeexpectedtobeparallelandwritetheequation 

 

� = lim∆�→� ∑
��

�

�
��� (N is the numbers of dipoles in volume V) 

 
HereVislargecomparedtothemolecularvolumebutsmallcompared 
toordinaryvolumes.Thus,althoughpisa pointfunction,it isaspace 
averageofp.Thedirectionof pwill,of course,be paralleltothevector 
sumofthedipolemomentofthemoleculeswithinV.Insuchacase 
wherethep'sarenotparallel,asina dielectricthathaspolarmolecules, 
Eq.(1.la)stillholdsasthedefiningequationforp. 

 
ACTIVITY2 

 
Showthatthedipolemomentof amoleculepandthedipolemomentper unitvolumearerelatedby 

 
P=np 

 
wheren isthenumberofmoleculesperunitvolumeofthedielectric. 
TounderstandthephysicalmeaningofP,weconsiderthespecialcase of arectangularblockofa 
dielectricmaterialof lengthLandcross- sectionalareaA.Fig.1.8representssuchablock. 

 
 
Fig.1.8Surfacepolarisationchargesonarectangularblockof dielectric 

 

 
 

Fig.1.8a Surfacepolarisationcharges.Actualdisplacementofchargeon rightisdxcos� 
 

 
 

Letpbethesurfacedensityof polarisationcharges,viz.,thenumberof charges on  a unit area  
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or  charge/unit area onthe surface. The 
totalnumberofpolarisationchargesappearingonthesurface=A 
 

Induceddipolemoment=A �L (1.2) 
 
Volumeof theslab=AL 

 
Bydefinitiondipolemomentperunitvolume=P 
 

Induceddipolemoment=PAL(1.3) 
NowwecancomparethemagnitudesofEqs.(5.2)and(5.3)toobtain 
themagnitudePofthepolarisationvectortobe 

 

� = ��         (1.4) 
 

Thus, the surface densityof chargesappearing on the faces perpendiculartothefieldis 
ameasureofP,thepolarisationvector.Eq. (1.4)istrueforaspecialgeometry 
whenthedielectric materialisa 
rectangularblock.ForablockshowninFig.1.8athesurfaceontheright isnotperpendicular 
toP.Thenormal unit vector(n)tothesurface makesanangle withP. 
Ifthechargesaredisplacedbyadistancedx 
theeffectivedisplacementisdxcosforthesurfaceontheright.Ifnis 

thenumberofchargedparticleandqisthechargeoneachparticle,then 
thesurfacechargedensity  isgivenby 
 

�� = ��������= �.� = ��      (1.5) 

whereqisthepositivechargeoneachatom/molecule andPn isthe componentof 
Pnormaltothesurfaceonthe right.Thisalsoshowswhy 
nochargesappearonthesurfacesparalleltotheappliedfield( = 90°) 
andontheleftsideoftheblocktheanglebetweenPandn,theunit 
vector normal to the surface is 180°; the surface charge density is 
negativeForanideal,homogeneousandisotropicdielectric,thepolarisationPis 
proportionaltotheaveragefieldE,i.e., 
 
� = ����  (1.6) 

 
Where  

� =
�

��
 

And is known as Electrical susceptibility. 

This relation is relatedisrelatedto Eq.(1.1);Eq.(1.1)refersto onemolecule,whereas 
Eq.(1.6)referstothematerial.Thusthelatterisamacroscopicversion 

ofEq.(1.1).Theconstant 0 isincludedforthepurposeofsimplifying thelaterrelationships. 

 
 
Therelation(1.6)requiresthatP belinearlyrelatedtotheaverage (microscopic) 
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field.Thisaverage fieldwouldbetheexternalapplied 
fieldasmodifiedbythepolarisationsurfacecharges.Thesusceptibility isa characteristicof 
thematerialandgivesthemeasureof the easewith whichitcanbepolarised, itissimplyrelatedto 
forthenonpolar materials. 
 

FromSAE1 

� =  ��  using eq. 1.4, we get 

�� = �� 

 

Thedipolemomentperatominthiscasep=q 
 

 

3.3    Gauss'LawinaDielectric 

. dxcos 

 
YouhavestudiedGausslaw invacuum. Here,weshallmodifyand 
generaliseitfordielectricmaterial. Consider two metallic platesasshownin 
Fig.1.9.LetE0be theelectricfieldbetweenthesetwoplates. Now,weintroducea 
dielectricmaterialbetweentheplates.Whenthe dielectricisintroduced,thereisa 
reductionintheelectricfield,which impliesareduction 
inthechargeperunitarea.Sincenochargehas leakedofffromtheplates, suchareduction 
canbeonly duetothe inducedchargeappearingonthetwosurfacesofthedielectric.Dueto 
thisreason,the dielectricsurfaceadjacentto thepositiveplatemusthave 
aninducednegativecharge, andthesurfaceadjacenttothenegative 
platemusthaveaninducedpositivechargeofequalmagnitude.Itis showninFig.1.9. 

 

 

 

 

 

 

 

 

 

 

 

 
Fig.1.9Inducedchargesonthefacesofadielectricinanexternal field 
 
Forthe sakeof simplicity,youconsiderthechargeonthesurfaceof dielectric  
materialasshowninFig.1.9a.NowweapplyGauss'flux theoremto aregion 
whichiswhollywithinthe dielectricsuchasthe Gaussianvolumeatregion1of Fig.1.9a. 
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Fig.1.9aGaussianvolumesat1and2 insidea dielectric.The displacementof 
chargesatthe surfacesperpendicularto theapplied fieldisshown 

 

 

Thenetchargeinsidethisvolumeis zeroeven thoughthismaterialis 
polarised.Thepositivechargesandnegativechargesare equal. For this 
volumethefluxoffieldthroughthesurfaceiszero.Wecanwrite 

 

∫ �.��
������� �� �

= ∫ �����
�.��     (1.7) 

 
 
Thisshowsthat"lines"ofParejustlikelinesofEexceptforaconstant 

(0).InsteadofthisGaussianvolume,supposewetakeanotheroneat region2.In this 

Gaussianvolumeonesurfaceisinsidethedielectricand 
theotherisoutsideitThecurvedsurfaceisparalleltothelinesoffield 
(EorP).ForthesurfaceofthisGaussianvolumeoutsidethematerial,P 
isnonexistent.However,linesof PmustterminateinsidetheGaussian volume. 
HencethenetfluxofPisfinite andnegative asshownin 

Fig.1.9a  sincethecomponent  ofPnormal  tothesurface, i.e. 

�pthesurfacechargedensityareequaltoeachotherinmagnitude,the surfaceintegral 

 
�.�� = �� ��= −����     (1.8) 

= −��  

 

Whereqp isthechargeinsidetheGaussianvolume.Thus,thefluxofP is equaltothe negativeof

the chargeincludedin the Gaussianvolume. Noticethedifference  
inthefluxoffPandthefluxofE. 
Now we can generaliseGauss’flux theorem. Since the effects of polarised mattercan be 
accounted for by the polarisationsurface charges,theelectricfieldinanyregioncanberelatedto 

thesumof both 
freeandpolarisati
oncharges.Thusi
ngeneralPnand 

 
 

� �.��

������ �������

=
1

��
��� + ��� 

 
whereqprepresentsfreechargesandqpthepolarisationcharges. 

 

 

 

 

Example 

Twoparallelplatesofareaofcrosssectionof100cm2 
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aregivenequalandoppositechargeof1.0x107C.Thespacebetweentheplatesisfilledwithadiel

ectricmaterial,andtheelectricfieldwithinthedielectricis3.3   

x105V/m.Whatisthedielectricconstantofthedielectricandthe 

surfacechargedensityontheplate? 
UsingGauss'theoremforvectorsthissurfaceintegralcanbeconverted 
intoavolumeintegral.Thustheaboveequationbecomes 
 

 
 

∫ (�.�)��
�

=
�

��
∫ ��� + ����

��    (1.10) 

where f and   p   arerespectivelythefreeandboundchargedensities. 

Asthisistrueforanyvolume,theintegrandscanbeequated.Thus 
 
�∇.� = �� + ��        (1.11) 

Thefluxof   throughtheclosedsurfaceisgivenby(Seeequation1.8) 
 
 

��.��= −�� = − ����� 

whichcanbewrittenusingGauss'fluxtheorem 
 

��∇.� = �� − ∇� 

��∇.� + ∇.� = �� 

∇.(��.� + �)= �� 

∇.� = �� 

   (1.12)

�ℎ��� � = ��� + � is known as the electric displacement vector. 
(Note that1.12isalreadyGauss'sLaw.) 
 

 

 

 
 

 

ACTIVITY3 
ShowthatEq.(1.12)reducestoEq.(1.11)whenP=0. 

ThedimensionofDisthesameasthatofP.TheunitsofDareC.m-2 
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ACTIVIY4 
Consider  two  rectangular  plates  of  area  of  a  cross  section  

of6.45104m2.Eachiskeptparalleltotheother.Theseparationbetween,themis2 

103mandavoltageof10Visappliedacrosstheseplates.Ifmaterial of dielectric constant 6.0 is 
introduced within the region betweenthetwoplates,calculate: 

(i)      Capacitance 
(ii)     Themagnitudeofthechargestoredoneachplate.  
(iii)    ThedielectricdisplacementD 
(iv)    Thepolarisation 

 
3.4    DisplacementVectorD 

 
Itisoneofthebasicvectorsforanelectricfieldthatdependsonlyonthe 
magnitudeoffreechargeanditsdistribution. 

 

InSection1.4,weintroducedanewvectorDandcalleditDisplacementVector(or)ElectricDispl
acement. 

 
Wefound(seeSec.1.4)thattheelectricdisplacement isdefined by 

 

� = ��� + � ;  Guass’ law in dielectric is given by 
 

� .��= ���� 

isolatedchargeq,keptatthecentreof a dielectricsphereof radiusr,we 

findthattheGauss'fluxtheoremgives(beingacaseof spherical symmetry) 

(4���)(� )= � 

Whichgives 
 

� =
��

4���
                                                                                    (1.13) 

 � = �� �� ��� � =
��

����
        (1.14) 

From(1.16)itfollowsthattheforceF,betweentwochargesq1 

keptatadistancerinadielectricmediumisgivenby 

and q2, 

 

� =
����

�����
�           (1.15)  

andtheexpressionforthepotential  ata distancerfromqis 
 

 

� =
�

����
           (1.16) 

 

WhenwecompareEq.1.16withthe correspondingexpressionforE in 
freespace,Eq.1.17and1.18showsimilarexpressions forCoulomb 

forceandpotentials.Wemayfindthatinalltheseexpressions,  0  has beenreplacedby ina 
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dielectricmedium. 
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Example 
Twolargemetalplateseachofarea1sq.metrefaceeachotherat a 
distanceonemetreapart.Theycarryequaland oppositechargeson their surfaces.If 
theelectricintensitybetweentheplatesis50newtonper 
coulomb,calculatethechargeontheplates. 
 
Withthis background,wemaywronglyconcludethatDforadielectric mediumis 
sameasEforfreespace.Itis thereforeimportanttoclearly 
distinguishbetweenthesetwovectorquantities: 

 
Eisdefinedas theforceactingonunitcharge,irrespectiveof whether adielectric medium is  
present or not. It is to be calculatedtakingintoaccountthefreeorexternalchargesaswell 
astheinducedchargesofthemedium.OntheotherhandDis defined a D  

=0E+P,anditisavectorlikeelectricfield,butis determined only by free or  external 

charges. Note fromEqs. (1.15)and(1.16)thatthevalueof Ddoesnotdependuponthe 
dielectric constant while the value of  E as well as the force betweenthechargesinvolve   
. 
 

 

Thequantity D .dSisusuallyreferredtoastheelectricflux 
throughtheelementofareadS.ForthisreasonDisalsoknown 
aselectricfluxdensity.Fromtheintegralformof Gauss'lawin dielectrics,wefind that 
thetotalfluxis q,throughan area surrounding a  charge q, and this flux is unaltered by  
the presenceofadielectricmedium.Thisisnottrueinthecaseof 
totalfluxofelectricintensity,since 
 

� �.��

�

=
�

�
 

SinceD    isavector,wemaydrawlinesofdisplacementinthe same wayas 
wedrawthelinesofforce.Thenumberof linesof displacementpassingthrougha 
unitareaisproportionalto(D). Theselines of displacementbeginandendonlyon freecharges, 
sincetheoriginofDistheconduction charges/charge density(seeSection1.4). 
 
Again by  using Gauss' law itcanbeshown easily that thelines of 
displacementarecontinuousinaspacecontainingnofreecharges.In other  words, 
attheboundary oftwodielectrics, iftherearenofree charges thelines of  D arecontinuous, 
while thelines of  Eare not continuous because lines  ofelectric force canend on  both free 
and polarisationcharges.ThisbehaviourofDandEisdealtwithinagreater detail inthenext 
section.Theserulesare containedintwoBoundary 
conditionsattheinterfacebetweentwodielectricmedia. 
 
3.5    BoundaryConditionsonDandE 
 
We wishto determinethe relationshipsthatEandDmustsatisfyatthe 
interfacebetweentwodielectrics.Here,wewillassumethatthereare 
onlypolarisationchargesattheinterfacei.e.,sincethedielectricsare 
idealtheyhavenofreeelectrons,andthusthereisnoconductioncharge at  the interface. Later, 
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theseboundary conditions will be useful for provinglawsof reflectionandrefractionof 
electromagneticwaves.Now wewilldeterminetheboundaryconditionforvectorD. 
 

Boundaryconditionsgivethe wayin whichthe basicvectorschange whentheyare 
incidenton thesurfaceofdiscontinuityindielectric behaviour. 

 
 
BoundaryConditionforD 

 
WeapplytheGauss'lawfordielectricstoasmallcylinderintheshape of a 
pillboxwhichintersectstheboundarybetweentwodielectricmedia 
andwhoseaxisisnormaltotheboundary. 

 
Fig.1.10showsthecylinder.Lettheheightofthepillboxbeverysmall 

 
 
 

 
 

∫ �.��= �����− �����     (1.17) 

 

Fig.1.10BoundaryconditionforD betweentwodielectricmedia 
 
WhereDn1 and Dn2arethenormalcomponentsofDinmedia1and2respectively.Dn1  

isoppositetothedirectionofthenormaltodSinthemedium(1).Further  D 

.dS=0sincetherearenofreechargesonthe boundarysurface. 

 

Dn1   =  Dn2        (1.18) 

 

Thus thenormal components of electrical displacement vectors are 
continuousacrosstheboundary(havingnofreecharges). 

 
 

� .��= �.� ��where n is the unit vector along the outward drawn 
normalto the area dS. This representation gives the boundary

conditionasn .D1 = 

 

n .D2 

whichgivesEq.(1.18).Otherwisetheboundaryconditionsbecomes 
                                       D1cos1 = D2cos2 

where1   and  2    are the angles between n and D1       

andn andD2respectively.
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BoundaryconditionforE 
 
Weshallmakeuse of the conservativenatureof the electricfieldinthis 
case.ToobtaintheboundaryconditionforE,wecalculatethework 
doneintakingaunitchargearoundarectangularloopABCDA,Fig.1.11showssuchaloop.Thesid
esBCandACoftheloopareverysmall.Astheworkdoneintakingaunitchargeroundaclosedpathi
s zero(conservativeforce) 

 

∮ �.��= 0
�����

       (1.19) 

D                      C 
1 

 
 

 

A                     B 
Fig.1.11BoundaryconditionforE betweentwodielectricmedia 

 
Let Et1and Et2 bethetangentialcomponentsofEinthemedia1and2 

respectivelyasshowninFig.1.11.Then, 
 

� �.��

�����

= ����.��

��

− ����.��

��

 

wherel=AB=CD. 
 

UsingEq.1.21inEq.1.22 weget 
 
Et1=  Et2       (1.20)  

 

Eq.1.20states that thetangential component oftheelectric field is 
continuousalongtheboundary.Notethattocalculateworkdone,we 
needforce,whichisrelatedtotheelectricfield. 

 
Theboundaryconditioncontainedin Eq.(1.20)maybewrittenin the 
vectorformas 
 

n x E1=n  xE2 

 
where E1,E2 arethecorresponding electricfieldsandnistheunit 

vectornormaltotheboundary. 
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ACTIVITY7 
 

ProveEq.1.23ausingequation1.20.Usingthevectoridentity. 
 
 

� �.��= � (∇ × �)

�������

.� ��= �∇(� × �)�� 

ACTIVITY8 
 

Show that the normal component of E is discontinuous across a dielectricboundary. 
 

3.6    DielectricStrengthandBreakdown 
 

 

Wehaveseenthatundertheinfluenceof an externalelectricfield, polarisationresultsdueto the 
displacementof the chargecentres.Inour discussion,wehavetreatedthephenomenon 
asanelasticprocess.A questionthatarisesin ourminds is,"whatwouldhappenif theapplied 
field is increased considerably? One thing that is certain is that the chargecentreswill 
experience a considerable pulling force. If the 
pullingforceislessthanthebindingforcebetweenthechargecentres, the materialwill retainthe 
dielectricpropertyandonremovingthe field thecharge centreswill return to their 
equilibrium positions. If thepullingforcejustbalancesthebindingforce,thechargeswilljustbe 
abletoovercomethestrainoftheseparationandanyslightimbalance willloosen the 
bondsbetweenthe electronsandthe nucleus.Afurther increaseof 
theappliedfieldwillresultintheseparationof thecharges. Oncethis happenstheelectronswill 
beaccelerated.Thefastmoving electronswillcollidewiththe 
otheratomsandmultiplyinnumber.This willresultintheflowof 
conductioncurrent.Theminimumpotentialthat 
causesthechargeseparationisknownasthebreakdownpotentialand 
theprocessisknownasthedielectricbreakdown. 
 
Breakdownpotentialvariesfromsubstancetosubstance.It alsodepends on thethicknessof 
thedielectric(thicknessmeasuredalongthedirection ofthefield).Thefieldstrengthat 
whichthedielectricisabouttobreak 
downisknownastheDielectricStrength.Itismeasuredinkilovolts permetre.Knowledgeof 
thebreakdownpotentialisveryimportantfor 
practicalsituations,asintheuseofcapacitorsinelectricalcircuits. 
When a dielectric is subjected to a gradually increasing electric potential,astagewillbe 
reachedwhentheelectronoftheconstituent molecule is torn away fromthe nucleus. Now the 
dielectric breaks down,viz., losesits dielectric properties, and begins to conduct 
electricity. 
 
Thebreakdownvoltageis theappliedpotentialdifferenceperunit 
thicknessofthedielectricwhenthedielectricjustbreakdown. 

 
4.0    CONCLUSION 
 

 

Inthisunitwehaveexaminedthebehaviourof dielectricsandthe deduction ofGauss’s 
law.Inaddition, wehaveexplainedtheterms, 
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dielectricbreakdownanddielectricstrengthaswellas defineddielectric constant. 
 

5.0    SUMMARY 
 
When an  electric field is  applied to  an  insulating material, it  gets 
polarised.Thismeansthatadipolemomentiscreatedinthematerial. 
Thisdipolemomentisalsoexhibitedasasurfacechargedensity. 
 
Electricdipolemomentperunitvolumeisknownaspolarisation. 
Attheatomiclevel,thepolarisationofamediumtakesplaceintwo ways, asthere are two kinds of 
molecules: polar andnonpolar. In 
nonpolarmoleculesthecentresofpositiveandnegativechargeslieat 
thesamepointandtheirinherentdipolemomentiszero. 
 
In polar molecules thepositive and negative charge centreslie at differentpoints 
andconsequentlythereis an inherentdipolemoment 
associatedwiththemolecules,thoughthenetchargeof themoleculeis zero. 
 
Foradielectric medium,itisconvenient tointroduceanothervector 
relatedtoEandP,ThisiscalledthedisplacementvectorDdefinedas 
 

D    =  0E +P 

 
Fortheanalysisof 
dielectricbehaviour,therelationbetweenthepolarisationvectorPandthetotalelectricfieldEis 
important.Foran ideal,homogeneousandisotropicdielectric,therelationisexpressedas 

� = ����� 

Theconstant ��isknownastheelectricsusceptibilityofthemedium. 
 

Theconstantcorrespondingtothesusceptibility ��isknownasthe 
atomic(ormolecular)polarisabilitywhenweconsiderthepolarisationofasingleatom(ormolecul
e). 
 
Inapolarisedpieceofadielectric,thevolumechargedensity  p(=–

divP)andthesurfacechargedensity  p  aregivenbyP.n or Pn. 

ThepresenceofdielectricleadstothemodificationoftheGauss'law. It'smodificationis 

 

� �� � .� ��= � 

whereqisthetotalunitfreeorexternalcharge ordivD= 

whereDdependsonlyonthemagnitudeoffreechargeanddistribution. 
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ThegeneralrelationbetweenthevectorsD,EandPcanbeusedto define the dielectric 

constant K and permittivity r of dielectric medium.Usingthepermittivity 

,therelationbetweenD,PandEcan beexpressedinthelinearform 

D = 

� = �(� − 1)� = (�− ��)�  

ThevectorsEandDsatisfycertainboundaryconditionsontheinterface 

betweentwodielectricmedia.Theseconditionsare: 

(i)     ThetangentialcomponentofEisthesameoneachsideoftheBoundary, 
i.e., E1t = E2tand  

(ii) The normal component of D is same on each side of the 
boundary  i.e.,Dn1 = Dn2 

 

dielectic strength is the applied potential difference per unit thickness of the dielectric 

when the dielectric just breaks down 

 

6.0    TUTOR-MARKEDASSIGNMENT 
 

(1)   Calculatetherelativedisplacementof thenucleusof themolecule modelledin 
Fig.1.12(sphericallysymmetricmolecule)whenitis subjectedtoanexternalelectric 
fieldandhence,itspolarisability. 
 
(2)     SupposetwometallicconductingplatesarekeptasshowninFig.1.12. 
   

 

Fig.1.12:Modelofatom.                 
 

 

 

 

 

 

 Fig.1.12a 
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(3) Define dielectric polarization. 

(4) Explain dielectric strength and dielectric breakdown. 

(5) Explain displacement vector and relate it to dielectric strength. 
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1.0   INTRODUCTION 

 
Youhavestudiedinyourearlierclassesthatthe potentialof aconductor increases 
asthechargeplacedonitisincreased. Mathematically we write: 

� � � �� � = ��              (2.1) 

Where C is the proportionality constant. 
 
WecallthisconstantC thecapacityorcapacitance.Wealso callany 
devicethathascapacitanceathecapacitor(condenser).Youarealready familiarwiththisdevice. 
 
Wechangethecapacitanceinourradio-
transistorwhileoperatingthe'tuning'knobandgettheradiostationofourchoice.Capacitorsareuse
d inmanyelectricalor electroniccircuits,theyprovidecouplingbetween 
amplifierstages,smoothentheoutputofpowersupplies.Theyareusedin motors,fans,in 
combinationwithinductancesto produceoscillations whichwhentransmittedbecomeradio 
signals/TVsignalsetc.Besides these,capacitorshavea varietyof applicationsinelectricpower 
transmission. 
 
In  the present unit, we shall learn about capacitance, capacitors of 
differentforms,energystoredinacapacitor,andtheworkingprinciple of 
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acapacitor.Wehavestudiedthemacroscopicpropertiesofdielectrics in Unit1. Here we 
willstudy the effect on the capacitance of a capacitor, when a dielectric is placed between 
the two plates of a capacitor.Thenwe willintroducesomepracticalcapacitors. 

 
2.0    OBJECTIVES 

 
Bytheendof thisunit,youshouldbeableto: 
 

1. definecapacitanceofacapacitor; 

2. describe capacitorsof different geometries and obtain 
mathematicalexpressionfortheircapacitance; 

3. calculatetheenergystoredinacapacitor; 

4. describe the effect of introducing a dielectric material in a capacitor; 
5. obtain expressions fortheeffective capacitance ofgrouping a 

numberofcapacitorsinseriesandinparallel; and 
6. describepracticalcapacitorssuchasaguardcondenserandan electrolyticcapacitor. 

 

How to Study this Unit: 

 

1. You are expected to read carefully through this unit twice before attempting to 

answer the activity questions. Do not look at the solution or guides provided at the 
end of the unit until you are satisfied that you have done your best to get all the 
answers. 

 

2. Share your difficulties in understanding the unit with your mates, facilitators and by 
consulting other relevant materials or internet. 

 

3. Ensure that you only check correct answers to the activities as a way of confirming 
what you have done. 

 

4. Note that if you follow these instructions strictly, you will feel fulfilled at the end 
that you have achieved your aim and could stimulate you to do more. 

 
3.0    MAINCONTENT 
 
3.1    Capacitance 
 
Acapacitorora condenserisan electronicdeviceforstoringelectrical energy 
byallowingchargesto accumulate onmetalplates. This 
electricalenergyisrecoveredwhenthesechargesare allowedtomove 
awayfromtheseplatesintothecircuitofwhichthecapacitorformsa part.Anydevice 
whichcanstorechargesis a capacitor.Forexample,an 
insulatedconductingsphericalshellofradiusRcanstorecharges;hence 
itcanbeusedasacondenser.Letusseehowitworksasacapacitor.If a charge Q isplaced 
onit,theouter surface ofthe 
shellbecomesanequipotentialsurface.Thepotentialoftheoutersurfaceof theshellis givenby 
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� =
�

�����
             (2.2) 

 

with infinityaszero potential. Instead ofinfinity wecanregard 
theground(earth)aszeropotential.Thenthe capacitanceof thisshell(w.r.t. ground)is 

 

� =
�

� 
= 4���R Coulomb/volt 

Theunitof capacitanceCinSIsystemisthefarad. 

Farad=Coulomb/Volt                                                                        (2.4) 

IfR=100cmintheabovesphericalshellitscapacityinfaradsis 

(4���) 100 = 1.1 x 10-10 Farad 
 
Thusitisclearfrom thisthatif acapacitoristobemadewithoneunit 
(farad)capacityithastohavehugedimensions(1010mintheabove 
case).PracticalformsofcondensershavesmalldimensionsandsmallerUnits such as 
picofarad (10-12 Farad) and microfarad (10 x 10-6 Farad) are more commonly used. The 
symbolic representation of a capacitor is 

 

o—|  |—o.
 

Theaboveexampleofasphericalconductorasacapacitorisgivenonly 
toillustratetheconcept.However,themostcommonlyusedpractical formof 
condensersalwayshas asystemof twometalsheets(circular, cylindrical  orrectangular) 
keptclosetoeachotherwithaninsulator separating  
thetwosheets.Thissystemhastheabilitytohavelarger 
capacitywithouthavingthecorrespondinglargerdimensions.You will 
learnmoreaboutthisindetailin thenextsection. 
 
3.2   TheParallelPlateCapacitororCondenser 

 
Thisisthesimplestandmostcommonlyusedform of acondenser.A 
parallelplatecondenserconsistsof tworectangularorcircularsheets (plates) of a metal 
arranged parallel to each other, separated by a distance d.The value of d is usually very 
small and an insulating materialisnormallyinsertedbetweenthe twosheets.See Fig.2.1.A 
chargeQ(positive)placedon theupper platedistributesequallyon this platetomakeitan 
equipotentialsurface.Thelowerplateis shown grounded. The lowerplateisthereforeat 
ground potential(zero potential). Because of electrostatic induction an equal amount of 
negative charge appears on the upper side of the lower plate. 
Thisinducednegativechargepullsupalmostallthepositivechargeplaced 
ontheupperplatetothelowersideof theupperplate.Thustheelectric fieldnowgetsconfinedto 
the spacebetweenthetwoplates:thepositive 
chargeactingassourcesandthenegativechargeassink(thelinesof 
forceoriginateonthepositivechargesandendonnegativecharges). 
Theinducednegativechargeisequalto theamountof positivecharge because of the zero field 
requirementsinsidethematerialoftheconductingsheets.Besides,both themetalsheetsare 
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equipotential surfaces.Thelinesofforcefieldlinesarenormaltothesesheetsexcept at 
edges.SeeFig.2.1.Sinceallthefieldlinesoriginatefromtheupper 
plateandendonthelowerplate,the valueof theelectricfield,Eis 
uniforminthespacebetweentheplatesexceptat theedge.The edge 
effectsarenegligibleifthearea oftheplates,A,is largecomparedtod. SinceE 
isuniformthepotentialdifferencebetweentheupperandthe lowerplatesisgivenby 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.2.1 Parallel plate condenser A and B are the metal plates separatedata distance'd'. 

�� − �� = −�.��= ��  

where ��, ��refer to the potentials of upper and lower plates 
respectively.Asthelowerplateisearthed, 

��= 0; ��= Ed       (2.6) 

To evaluateE letususeGauss’stheorem. Suppose 
weevaluatetheelectricfluxforaclosedcylindricalsurfaceEFGHofbaseareaSwith 
itsaxisnormaltotheplate.See Fig.2.2 
 

 
 
 

 

 
 
Fig.2.2GaussianclosedcylinderEFGH 

 
Oneofthehorizontalsurfacesisinsidethemetalandtheotherinthe spacebetweenthe plates;the 
curvedfacesare parallelto thefieldlines. Thereis nofluxthroughEFas 
thefieldinsidetheconductingsurfaceis zero.Similarly, 
thereiszerofluxthroughEHandFGasthecurved 
surfacesoftheGaussiancylinderareparalleltothefieldlines. 

 

Sincethepotentialisdefinedastheworkdoneperunit 

charge,theworkdoneinmovingasmallcharge  �q 

againstachargepotential willbeworkdone= � �q. 
 
But  �  = q/c 
The totalwork done in charging a capacitor to Q 
coulombsisgivenby 
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�
� ��

�

�

�

=
��

2�
 

 

ThefluxthroughthesurfaceHGofareaSisequalto ES.Since Eis alongthe normalto the 
area,hence,we canapplyGauss'theorem.  

 

�� =
�

��
,� =

�

��
       (2.6) 

          

 

 

 

 

 

 

 

3.2.1  EnergyStoredinaCapacitor 
 
Theworkdone,W i n assemblingachargeQbyaddinginfinitesimal 
incrementsofchargeisgivenby: 
 

� =
�

�
� �         (2.7) 

Where � isthefinal potentialof thechargedbody.In thecaseof a capacitorof 
capacitanceC,thiswork,doneinplacingachargeQonthe 

capacitormustalsobegivenbysimilarexpression,i.e., 
 

� =
�

�
� �          (2.9) 

 

ThiscanbewrittenintermsofthecapacitanceC =Q / � as 
 

� =
1

2
��� =

��

2�
 ������ 

Thisworkisstoredup intheelectricfieldaspotentialenergy. 

 
ACTIVITY3 
 

ACTIVITY1 
 
Supposewehavethedistanceofseparationbetweentheplates,wh
at happenstothecapacitance? 

 
ACTIVITY2 
 
Findthechargeona1000pFcapacitorwhenchargedtoavoltageof
24V. 
In the next subsection you will learn about the energy stored 
in a capacitor. 
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ShowthatinaparallelplatecapacitorofareaAandtheseparationof 
platesbyadistancedinvacuumtheenergystoredinthe(space)volumeoftheelectricfieldbetween

theplatesisgivenby 
1
Q� . 

2 

 

3.3   ParallelPlateCapacitorwithDielectrics 
 

Whena dielectricslabisinsertedbetweentheparallelplatesof a 
condenserthecapacityincreases.ThepolariseddielectricslabABCD 

(seeFig.2.3)reducestheelectricfieldEinsidethedielectricbyafactor (1/��) where �� is the 
relative permittivity as discussed in the last unit: 
ThiscanbeprovedbycomputingtheelectricfieldbyusingGauss'law for 
electricdisplacement,Dinsidethe dielectricABCD.Recallthe Gaussiancylinderusedin 
evaluatingEin Section2.2.Thefluxof Dis 
nowgivenby(onlyfreechargescontributetotheflux) 

 
 
 
 

 
 
 
 
 
Fig.2.3  Dielectricslabbetweencapacitorplates 

 
DS = �S        (2.10) 

 
As the bound surface charges do not contribute to this flux and  

  
� = �����         (2.11) 

For an isotropic uniformly polarized dielectric. Thus the field 

� =
�

����
           (2.12) 

The potential difference between the plates is equal to ED, where d is now the thickness 
of the slab filling the entire space between the plates. The capacity now becomes 

� =
�

� 
=

��

��
=

�����

��
          (2.13) 

ThevalueofthecapacitanceCincreasesbythefactor ��whichisthe 
relativepermittivityofthedielectricmaterial. 
 
FromEq.(2.14)wenotethatthecapacitanceofa parallelplatecapacitor 
increaseswiththeincreaseinsurfacearea(A)of theplatesandalsowith 
thedecreaseofthedistanceseparatingtheplates. 
 

Theeffectof introducinga dielectricinbetweentheplatesincreasesthe capacitance(∴
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 �� > 1).Thustheinclusionofadielectricenablesthe 
capacitortoholdmorechargesatagivenpotentialdifferencebetween theplates. 
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WerewriteEq.(2.13)as 
 
 C = ��A/(d/��)       (2.14)

 

andcompareitwithEq.(2.7).Wefindthatadielectricofthicknessdhasanequivalentfreespacet
hickness(d/��).Thisobservationwillbeuseful later when we  deal with the capacitor in  
which  the space in betweentheplatesisonlypartiallyfilledwithadielectric. 
 
 
 
 
 
 
 
AcapacitorisshowninFig.2.4inwhichadielectricslabofthicknesst is insertedbetweenthe 
plateskeptapartata distanced.Wewritethe capacitanceof thiscapacitor,on thebasisof the 
equivalentfreespace 
thicknessofthedielectric.Wefindthefreespacethicknessbetweentheplates=(d-

t),wheretisthethicknessofthedielectricmaterial.Thistis equivalent to  t/�� in free space. The 

capacitor of figure 2.4 is equivalent to the capacitor with free space between plates, with the 
separation of 
 

� − � + �
��� .  

We write the expression for the capacitance as 

� =
���

����� ���
      (2.15) 

   

 

 

Fig.2.4 

 

 
 
 
 
 
 
 
 

Fig.2.5Theequivalentcapacitor 
 

 

ACTIVITY4 
Findthecapacitance oftheparallelplatecapacitorconsistingoftwo 

parallelplatesof area0.04m
2
eachandplaced103m apartinfreespace. 
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NowwewillobtainEq.(2.16)withanothersimple method.  Letthe 
voltageacrossthecapacitorwhichis shownin Fig.2.4 be V.Whena 
dielectricofthickness’ t'isintroducedbetweenthetwoplatesofthe 
capacitor,thedistancebetweenthepositiveplateofthecapacitorandtheuppersurfaceofthedi
electricissayd1  

andfromlowersurfaceofdielectrictonegativeplateofthecapacitorisd2.Nowassumethatthev
oltagebetweenpositiveplateanduppersurfaceofthedielectricisV1,thevoltagebetweenupper

andthelowersurfaceofthedielectricisV2 

andthelowerplateofthedielectrictothenegativeplateofthecapacitoris V3.Thetotalvoltage 

Vacrosscapacitoristhesumofthesethree 
voltagesi.e., 

 
� = �� + �� + �� 

Let Ebe the the field inside the di-electric. Then  

 

�� = ���, �� = � × �
���  ��� �� = ��� 

� = (�� + ��)� + � × �
���  

 

From the figure 

 

� = �� + �� + � 

 

�� + �� = (� − �) 

 

From the above equation we get 

 

� = (� − �)� +  � × �
���  

Using Eq. (2.5), we get that in this case 

 

� = �(� − �)+ �
��� � 

From Eq. (2.15) we get 

� =
���

�
 

=
���

�(� − �)+ �
��� �
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Wecanalsofindthattheratioof thecapacitancewithdielectricbetween 
theplatestothecapacitancewithfreespacebetweentheplatesisequal 
totherelativepermittivity,viz., 

 

�� =
�������.���ℎ ���������� ������� ������

�������.���ℎ ���� ����� ������� ������
 

Therelativepermittivities(��)ofsomeofthemostcommonmaterials aregiveninTable2.1. 

 
Table2.1: Relativepermittivity(��)ofsomecommonmaterials 

 
Air 
CastorOil 

Mica 
Glass 
Bakelite 
Paper 
Porcelain 
QuartzW
ater 

1.0006 
4.7 
5-9 
4.5-7.00 
4.5-7.5 
2-2.3 
5.5 
1.5 
81 

 
 

SELFASSESSMENTEXERCISE5 
 
Adielectricof relativepermittivity3isfilledinto thespacebetweenthe plates of a capacitor. 
Find 
thefactorbywhichthecapacitanceisincreased,ifthedielectricisonlysufficienttofillup3/4ofth
egap. 

 
3.3.1 VoltageRatingofaCapacitor 

 
Capacitorsaredesignedandmanufacturedto operateata certain 
maximumvoltage,whichdependson thedistancebetweenthe platesof thecapacitor.If 
thevoltageisexceeded,theelectronsjumpacrossthe spacebetweentheplatesandthis canresultin 
permanentdamageto the capacitor.Themaximumsafevoltageis 
calledtheworkingvoltage.The 
capacityandtheworkingvoltage(WV)ismarkedonthecapacitorin the 
caseofbiggercapacitorsandindicatedbythecolourcode(similartothatof resistance)inthe caseof 
capacitorshavinglowvaluesof capacitance. 

 
3.4    CapacitanceofaCylindricalCapacitor 
 

InSection2.3,wehavecalculatedthecapacitanceof aparallelplate 
capacitor.Anotherimportantformof capacitorisacylindricalcapacitor. 
ThisisshowninFig.2.6a.AsectionofthiscapacitorisshowninFig. 
2.6b.Itismadeupoftwohollowcoaxialcylindricalconductorsofradii a 
andb.Thespacebetweenthecylindersisfilledwithadielectricof relativepermittivity 

��.Practicalformsofsuchcapacitorsare: 
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(i)      acoaxialcable,inwhichtheinnerconductorisawireandtheouterconductoris 

normallyameshof conductingwireseparated fromtheinnerconductorbyan 
insulator(usuallyplastic). 
InFig.2.6b,thedirectionof thefieldlinesisradial,viz.,normaltothe 
surfaceofthecylinder.Smalllinesinbetweenthetwocylinders,show 
thedirectionoffixedline. 

 
 

 
 
 
 
 
Fig.2.6:  (a)Cylindricalcapacitor{b)crosssectionofthe 
cylindricalcapacitor 

 
(ii)     thesubmarinecable,in whicha copperconductoriscoveredby polystyrene 

(theouterconductor isseawater).  Sinceboththe inner and outer cylindersare 
conductors,theyare equipotential surfaces. The field is radial(normal to the surface 
of the cylinder):Becauseof cylindricalsymmetryweconcludethatthe capacitanceis 
proportionaltothelengthof thecylinder(asthe 
lengthincreases,theareaoftheplotincreases).Weshallnow 
findthecapacitanceperunitlengthofthecapacitor. 

 
A                  B 

 
 
 
 
 

D                        C 

Fig.2.7GaussiansurfaceABCD 
 
Letthechargeperunitlengthplacedontheinnercylinderofthe 
capacitorbe.Theoutercylinderisgrounded.Anequalandoppositeamountof chargeappearson 
theinnersideof theouter cylinder.Thisisbecauseof thezerofieldintheconductor.To evaluate 
the fieldletus consider a coaxial closedcylindricalsurfaceABCDofunitlengthandof 
radiusr.SeeFig.2.7.The electricfieldis normalto theinnercylindricalsurfaceandis also 
confinedto thespacebetweenthe cylinders. 

 

Thefluxof electric displacementvector,D,throughthebottomandtopsurfacesof 
thisGaussiancylinderABCDiszeroasDisparalleltothese faces.ThefluxofDis 
onlythroughthecurvedsurfaceof ABCD 
andasDisnormaltothisatallpoints;thefluxthroughthis closedGaussiansurfaceisgivenby 
 

� .�� = (2��)�.��      (2.16) 

Now   

� = �����  
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forIsotropicuniformly polariseddielectrics. Using Gauss'lawweget 
 

2��� = (2��)����� = �      (2.17) 

whereisthefreechargeenclosedbythe Gaussiansurface. 

Thus, 
 

� =
�

�������
        (2.18) 

Tofindthecapacitance,werequirethepotentialdifferencebetweenthe 
twocylinders.Theexpressionforpotentialdifferenceisgivenby 

 

� = − �� ��

�

�

 

Fourourcase,Eq.(2.20)becomes 
 

�� − �� = − �� ��

�

�

 

= − �
�

2������

�

�

 �� 

=
�

2������
�
��

�

�

�

 

=
�

�������
��(� �⁄ )      (2.19) 

Astheoutercylinderisgrounded, �� = 0 

Now,capacitanceperunitlength,C isgivenby 
 

 
�
��
� =

�������

��(� �⁄ )
       (2.20) 

Note: In the expression for the capacitance per unit length of  a 
cylindricalcapacitor,Eq.(2.20),we findthatthe capacitancedependson 
theratiooftheradiiandontheirabsolutevalues. 

 
 

ACTIVITY6 
Twocylindricalcapacitorsareof equallengthand havethesame 
dielectric.Inoneofthemtheradiiof theinnerandoutercylindersare8 
and10cm,respectivelyandintheothertheyare4and5cm.Findthe 
ratiooftheircapacitances. 
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3.5    CapacitorsinSeriesandParallel 

 
InSection2.5,wehaveseenthemethodoffindingthecapacitanceper 
unitlengthofacylindricalcapacitor.Wemultiplythecapacitanceper unit length by the length 
for cylindrical capacitors and get the 
capacitance.Nowwecanconsideracylindricalcapacitoroflength2 unitsasconsistingof 
twocylindricalcapacitorsof unitlengthjoinedend to endso 
thattheinnercylindersareconnectedtogetherandtheouter 
cylindersalsogetconnectedsimilarly.ThisisshowninFig.2.8. 

 
 

 
 
Fig. 2.7  Along cylindrical capacitor seen as a particular 
combinationofunitcylindricalcapacitor 
 
Wefindimmediatelythatin suchacombinationthechargeonthe capacitoris 
doubledandsothecapacitanceis alsodoubledsincethe potential difference remains constant. 
Two capacitors connected in parallel(symbolicrepresentation)areshowninFig.2.8a. 

 
 
 
 
 
 
 
 
                          Fig.2.8aTwocapacitorsconnectedlaparallel 
 
Inthiscombination,wefindthatthepotentialdifferencebetweentheplatesremainsthesame;thech
argeoneachcapacitoraddsup(moreareaisavailablefor storingcharges). 
 
Wecanfindanequivalentcapacitorthatholdsthesamechargewhen kept at  the same potential 
difference as  the combinations of the capacitors.Thecapacitanceofthat capacitoris 
knownas theEffective Capacitanceofthecombination. 
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Beforeweproceedfurther,wenote thatcapacitorscanbegroupedor 
combinedinanotherwaytoo.Here alternate plates of the capacitors are connected to the 
succeeding capacitorso thattheyform aseries.Fig.2.9showsthecombination;itis 
knownascombinationof capacitorsinseries. 
 
 

 
Fig.2.9CapacitorsinSeries 

 
If avoltagesourceisconnectedacrossthetwoendplatesof thefirstand 
lastcapacitorsoftheseries,equalchargeswillbeinducedin each capacitorwhereasthe 
potentialdifferenceacross eachcapacitorwill dependuponitscapacitance. 
 
Weshallfindthemathematicalformulasfortheequivalentcapacitance 
ofthecombinationofcapacitancesinparallelandinseries. 
 
 

3.5.1CombinationofCapacitorsinParallel 
 

Fig.2.10showsthecombinationofthreecapacitorsinparallel. 
 

 
Fig.2.10Capacitorsinparallel 

 
Here, C1,C2 andC3 arethecapacitancesoftheindividualcapacitors, 

Q1,Q2 

 

and Q3   are respectively the charges on them and � is 

thepotentialdifferencebetweentheplatesofeachcapacitor.WetakeC to 

betheeffectivecapacitanceofthecombination.ThetotalchargeQ of 

theparallelcombinationisequalto 
 

� = �� + �� + �� 
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Since  � issameforthisequivalentC oftheparallelcombination, 
 

� =
�

�
=
�� + �� + ��

�
 

=
��
�
+
��

�
+
��

�
 

= �� + �� + ��      (2.21) 

Thusthe effectivecapacitanceoftheparallelcombinationofcapacitoris 
equaltothesumoftheindividualcapacitances. 

 
3.5.2   CombinationofCapacitorsinSeries 

 
Fig.2.11showsthecombinationofthreecapacitorsinseries. 

 

 
Fig.2.11CapacitorsInseriesandtheequivalentcapacitors 

 
Here: C1,C2 and C3 arethecapacitancesoftheindividualcapacitors. 

Theapplicationofa voltagewillplacea charge   +Q ononeplatewhich 

inducesa charge - Qontheotherplate.Theintermediateplatesacquire equal 

andopposite charges, because of electrostatic induction. The 
potentialdrop  across  each  will  be  inversely  proportional  to  its 

capacitance. ( since C = Q/�  gives �  = Q/C, since Q is fixed �� 1/C ). 

Thus   � 1,� 2and  � 3,thepotentialdropsacrossthecapacitorsaresuchthat 

� 1�1/C1,  � 2�1/C2 and � 3� 1/C3. Now we replace the capacitors by a 

single capacitor of capacitance C that hols the charge Q when subjected 
to a potential difference �  = �� + � 2  +� 3. This capacitance C is known 

as the effective capacitance of the combination. We now write C = Q/�  

or 1/C = � / C. but �  = �� + � 2  +� 3. Therefore, 

 
1

�
=
�� + �� + ��

�
 

i.e. 

�

�
=

�

��
+

�

��
+

�

��
      (2.22) 
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Thus for capacitors connected in series the reciprocals of the 
capacitancesadduptogivethereciprocaloftheeffectivecapacitance. 

 
ACTIVITY7 
 
Determinetheequivalentcapacitanceof thenetworkshowsinFig.2.12 
andthevoltagedropacrosseachof thecapacitoroftheseriesof capacitors. 
 

 

Fig.2.12 

 

ACTIVITY8 
 

Calculatetheeffectivecapacitanceofthreecapacitorsarrangedinsucha 
waythattwoofthem C1  and C2 areinseriesandthethird, C3,isin 
parallelwiththisseriescombination. 

 
3.6    StoredEnergyinaDielectricMedium 

 
InSection2.3.1,wehavestudiedthattheenergystoredinaparallel 
platecapacitorisgivenas 

 

� =
1

2
��� 

Weknowthat 
 

� =
���

�
 

and 
 

� = ��  

Puttingthesevaluesin theaboveEq. weget 
 

� =
1

2

���

�
�� × �� 

=
1

2
��(��)�

� 
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Or  

�

�
=
1

2
���

�(����� � = ��) 

Thisistheenergyperunitvolume. 
 
Whenadielectricofrelativepermittivity ��fillsthespacebetweenthe plateof 
thecapacitor,thentheeffectivecapacitanceisgivenby 
 

���� =
�����

�
 

Theenergystoredinacapacitorwithadielectricmaterialisgivenby 
 

� =
1

2
 ��� 

=
1

2

�����

�
(�.�)� 

=
1

2
�����

�(�.�) 

�

�
=
1

2
�����

�(�.� = �) 

Inthecase ofaparallel platecondenser, theenergy storedperunit volume is  
�

�
���

�, which becomes   

 
�

�
�����

� =
�

�
�.�with the dielectric material. 

WhereDis theelectricdisplacementinthedielectric.Wehave consideredherethecaseof 

alineardielectricwhereEandDareinthe 

samedirection.However,therearedielectricsinwhichEandDarenot in the samedirection. Thus 

the energy stored per unit volume ina dielectricmediumisgivenby 

1
E DJoules/m2                                                                                                                        (2.26) 

2 
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3.7   PracticalCapacitors 
 
Weshallnowstudysomeof thecapacitorsthatarecommonlyinuse. Capacitorsmay 
bebroadlyclassifiedintotwogroups i.e., fixed and 
variablecapacitors.Theymaybefurtherclassifiedaccordingto their construction and use. 
The following are the classifications of the capacitor. 
 

 

 

Now,wewilldiscusseachtypeofthecapacitoronebyone. 

 

3.7.1 FixedCapacitors 
These havefixed capacitance.Theseare essentiallyparallelplate 
capacitors,butcompactenoughtooccupylessspace.In theirmakethey consistof 
twoverythinlayersofmetalcoatedonthesurfaceofmicaor paperhavingauniformcoatingof 
paraffin.Themicaorpaperformsthe 
dielectricbetweentheconductors.TheyareshowninFig.2.13. 
 

 
 
 
 
 
 
 
 
 
 
 

Fig.2.13Fixedcapacitors 
 

Thisarrangementisrolleduptothecompactform.Usuallytheyare piledup inparalleltogivea 
largecapacitance.Thoughparaffin-waxed papercapacitorsarecheaper,they absorba 
goodamountof power.For thisreasonthesecapacitorsare 
usedinalternatingcurrentcircuits,radio- sets,etc. 

 
3.7.2 CeramicCapacitors 

 
Thesearelowlosscapacitorsatallfrequencies.Ceramicmaterialscan 

bemadetohaveveryhighrelativepermittivity.Forexample,teflonhas �� = 

8butbytheadditionof titanimthevalueof ��becomes100andon addingbariumtitanatethe 

value of  ��maybe increasedto 5,000.Each pieceof suchdielectriciscoated 
withsilveronthetwosidestoforma capacitorof 
largecapacitance.Yetanotheradvantagewiththeceramic dielectricsis 
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thattheyhavenegativetemperaturecoefficient.Ceramic 
capacitorsarewidelyusedintransistorcircuits. 

 
3.7.3 ElectrolyticCapacitors 
 

Anelectrolyticcapacitorconsistsof twoelectrodesof aluminium,called 
thepositiveandthenegativeplates.Thepositiveplateis electrolyticallycoaledwitha 
thinlayerofaluminiumoxide.Thiscoatingservesasthe dielectric. The two electrodes are in 
contactthrough the electrolyte whichisasolutionofglycerineandsodium(ora pasteof 
borates,for example,ammoniumborate).Therearetwo typesof electrolytic capacitors—
thewettypeandthedrytype. 
 

Inthewettypethepositiveplate(A)isintheformofacylinderto present alarge surface area. 
This isimmersed intheelectrolyte (E) 
containedinametalcan(M).Thiscanactasanegativeplate.Itis showninFig.2.14. 
 
Inthedrytypebothplatesareintheformoflongstripsofaluminiumfoils.Aluminiumoxideisdepo
sitedelectricallyonone(A) of thefoils. 
Thisiskeptseparatedfromtheother(B)bycottongauze(C)soakedin 
theelectrolyte.Itisthenrolleduptoacylindricalform.Theoxidefilms 
onaluminiumofferalowresistancetocurrentinonedirectionanda very high resistance in the 
other direction. Hence an electrolytic 
capacitormustbeplacedinaDCcircuitsuchthatthepotentialofthe 
oxideplateisalwayspositiverelativetotheotherplate.Itisshownin Fig.2.15 
 

 
Fig.2.14Wettypecapacitor(electrolytic) 

 

 
Fig.2.15 Drytypeelectrolyticcapacitor 

 
3.7.4  VariableAirCapacitor/GangCapacitor 
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Averycommoncapacitorwhosecapacitancecanbevariedcontinuously isusedfortuningina 
radiostation.Thecapacityofthiscapacitorcanbe 
uniformlyvariedbyrotatingaknob(differentformsof suchatypeof 
capacitorareshowninFig.(2.16)). 
 

 
 

 
 
 
 
 
 
 
Fig.2.16Variableaircapacitor 

 
Thecapacitorconsistsof twosets of semicircularaluminiumplates.One setof 
platesisfixedandtheothersetofplatescanberotatedwiththe 
knob.Asitisrotated,themovingsetof platesgraduallygetsinto(or 
comesoutof)theinterspacebetweenthefixedset.Theareaof overlap between the two  sets of  
plates can thus  be  uniformly varied. This 
changesthecapacitanceofthecapacitor.Theairbetweentheplatesacts 
asthedielectric.Usuallyitconsistsoftwocondensersattachedtothe 
sameknob(ganged).Whentheknobisrotatedthevariationof Cinboth 
theplatestakesplacesimultaneously.Thisiswidelyusedinwireless 
setsandelectroniccircuits.See Table2.1foracomparativerangeof 
voltagesfordifferenttypesofcondensers. 

 
ACTIVITY9 

 
Whatisavariablecapacitor?Giveanexampleofavariablecapacitor withasoliddielectric. 

 
3.7.5 GuardRingCapacitor 

 
In Section 2.2 we calculated the capacitance of  a parallel plate 
condenser.Weneglectedthenonuniformityofelectricfieldattheedges. 
Itispossibletogetovertheproblemofedgeeffectsbyusingaguard 
ringcapacitor.InthiscapacitoraringRisusedaroundtheupperplates of 
theparallelplatecapacitor.Theinnerdiameterof theringisslightly 
largerthanthediameterofthecapacitorplate.Thediameterof theother capacitorplateis equalto 
the outerdiameterof thering.Nowthe edge 
effectsareabsentasfarastheplatesandareconcerned.Inestimating thecapacitanceof 
theguardringcapacitor,wetaketheeffectiveareaof 
theplatesasequaltothesumoftheareaoftheplateAandhalfthearea ofthegapbetweenAandR. 

 
In Table 2.2, the capacityrange, max. Rating voltage and use of 
differenttypesofcapacitorsareshown. 

 

4.0    CONCLUSION 
 

In unit2,we havedefinedanddescribedcapacitorsand expressionsfor 
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theircapacitancehavebeenobtained.Theeffectsof addingdielectric 
materialsontheirpropertieshave been highlightedwhiletheirpractical 
useshavebeendescribed. 

 

 

 
 
 
 
5.0    SUMMARY 
 

 

Anydevicewhichcanstorechargeisacapacitor.Thecapacityof capacitorisgivenby, 
 

� =
�

�
=
���

�
 

Wherethesymbolshavetheirusualmeaning. 
 

Typeof 
Dielectric 

CapacitanceRange Max.Rating 
Voltage 

Remarks 

Paper 
 
 
 

Mica 
 
Ceramic 
 
 
 
 
Electrolytic 
(Aluminium
Oxide) 

250pF-10   F 
 
 
 

25pF-.25   F 
 
0.5pF-0.01   F 
 
 
 
 
1 �F-1000�F 

150KV 
 
 
 

2KV 
 
500KV 
 
 
 
 
600Vatsmall 
capacitance 

Cheap,usedincircuits 
wherelossesarenot 
important. 
Highquality,usedinlow 
circuit 
Highqualityusedinlow 
lossprecisioncircuit 
whereminiaturisationis 
important. 
Usedwherelarge 
capacitanceisneeded. 

 
 Theenergystoredinacapacitorisgivenby 

 

� =
1

2
��� =

��

2�
 ������ 

Thesymbolshavetheirusualmeanings. 
 

 

Ifyou introduce an insulator of thickness t between the two  

� =
���

�� − � + �
��� ��  

 platesofacapacitor,thentheresultantcapacityisgivenby 
 Themaximumsafevoltageiscalledratingvoltageofacapacitor. 

 Thecapacitanceofacylindricalcapacitor,perunitlengthisgiven 
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2�����

�� �
�
�� �

 

 

 IftwocapacitorsC1   and C2areconnected inseries,  thenthe resultant capacity is 

given by � =
����

�����
 

 The resultant capacity of two capacitorsC1  andC2, when 
connectedinparallelisgivenbyC = C1   +C2 

 Theenergystoredinadielectricmediumisgivenby 
�

�
E.D 

 
 Practical capacitorsaremadein different ways, to suit the 

particularapplication.Layersofconductingfoilandpaperrolled 
upgiveacheapformofcapacitor,micaandmetalfoilstands highelectricfieldbut 
aremoreexpensive.Electrolyticcapacitors, inwhichthedielectricisa 
verythinoxidefilm deposited 
electrolytically,giveverylargecapacitance.Ceramiccapacitors 
areusefulintransistorcircuitswherevoltagesarelowbut small 
sizeandcompactnessareverydesirable. 

 
6.0    TUTOR-MARKEDASSIGNMENT 
 
(1) Describe the capacitance of a capacitor 
 
(2) Obtain expression for effective capacitance of a number of capacitors in parallel 

and in series. 
 
(3) A capacitorhas n similar plates at equal spacing, with the 

alternateplatesconnectedtogether.Showthatitscapacitanceisequalto 

 (� − 1)�����/�  

(4) Whatpotentialwouldbenecessarybetweentheparallelplatesof acapacitorseparated 
byadistanceof0.5cminorderthatthe 
gravitationalforceonaprotonwouldbebalancedbytheelectricfield?Massofproton=
1.67 x 10- 27kg. 

 
(5) Acapacitorismadeoftwohollowconcentricmetalspheresof 

radiiaandb(b>a).Theoutersphereisearthed.SeeFig.2.18. Findthecapacity. 
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Fig.2.18 
 
 

(6)     Inthearrangement  showninFig.2.19,findthevaluesofthe capacitances such  that 
when avoltage  isapplied  between the terminals A and B no voltage difference is  set up 
between terminalsCandD. 
 

 

Fig.2.19 
 
(7)     Twocapacitorsone chargedandtheotherunchargedarejoinedin parallel.Showthat the 
finalenergyis less thantheinitialenergy andderivetheformula 
forthelossofenergyintermsofthe initialchargesandthecapacitancesofthetwocapacitors. 
 
 
7.0    REFERENCES/FURTHERREADING 
 
Bueche, F . J. & Hecht, E. (2006). College Physics.Schaum’s Outline Series. New York: 
McGraw-Hill. 

 
Gibbs, K (2011). Advanced Physics, 2nd ed. Cambridge: Cambridge University Press. 

 
IGNOU(2005).ElectricityandMagnetismPhysicsPHE-07,NewDelhi,India. 

 
Vuille, C., Serway, R. A. &Faughn, J. S. (2009).College Physics, 8th ed. Belmont, USA: 
Brooks/Cole. 



PHY 204       ELECTROMAGNETISM 

46 

 

 

UNIT3     MICROSCOPICPROPERTIESOF DIELECTRICS 
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4.0     Conclusion 
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1.0    INTRODUCTION 

 
InUnit1,wehavestudiedthemacroscopic(average)behaviourof a dielectricinanelectric 
field.Wealsofoundthatthefieldisaltered within the body of thedielectric. This can be 
accounted for by the charges appearing on  the surface ofthedielectric in the case of  an 
isotropic  material. InUnit2,themacroscopic studyofthedielectric 
behaviourwasusedtostudythe increaseof capacitancein a condenser whena 
dielectricisplacedbetweentheplatesof thecondenser. 

 
In the present unit, we willdescribe the microscopic picture of a 
dielectricinwhichwewilldefinethelocalfield(EIoc),andtheaverage 
macroscopicfieldinsidethedielectric(E

i
).Further,wewillderivethe 

relationshipbetweenthelocalfieldandthemacroscopicfield.Wewill 
alsostudytheeffectsofpolarisationinnonpolarandpolarmolecules and derive the famous 
Clausius-Mossotti formula for polarisationof thesemolecules.ThenwewillderiveClausius-
Mossottiequationfora gas. We will also studythe relationship between polarisabilityand 
relativepermittivity.Afterthat,we will derivetherelationshipbetween 
polarisabilityandrefractiveindex.Asyouknowthatcapacitorsareused 
inalternatingfields,sowewillalsostudytheeffectofanalternatingfieldonadielectric.Inthelasts
ectionofthisunitwewillstudytherole ofdielectricsinourdailylife. 

 
2.0     OBJECTIVES 
 
Bytheendof thisunit,youshouldbeableto: 
 

 definethelocalfieldandrelateitwithpolarization; 
 findthemacroscopicfieldwithinthedielectricandrelateitto 
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polarization; 
 relate the macroscopic electric field, the local field and the 

microscopicfieldwithinthedielectric; 
 writeClausius-Mossottiequationforaliquidandagas; 
 establish a relationship between polarisability and Refractive 

index, 

 discusstheroleofdielectricsindailylife. 
 

How to Study this Unit: 
1. You are expected to read carefully through this unit twice before 

attempting to answer the activity questions. Do not look at the 
solution or guides provided at the end of the unit until you are 
satisfied that you have done your best to get all the answers. 

2. Share your difficulties in understanding the unit with your mates, 
facilitators and by consulting other relevant materials or internet. 

3. Ensure that you only check correct answers to the activities as a 
way of confirming what you have done. 

4. Note that if you follow these instructions strictly, you will feel 

fulfilled at the end that you have achieved your aim and could 
stimulate you to do more. 

 
3.0    MAINCONTENT 
 

3.1    Microscopicpictureofadielectricinauniformelectric field-review 
 
InUnit1 youhavestudiedtheaverage(macroscopic)behaviourof 
dielectrics.Inthissection,wewillstudythemicroscopicpictureof a dielectricina 
uniformelectricfield.Letusconsidera dielectricin a uniformelectricfieldasshowninFig.3.1. 
 
 
 
 
 
 
 
 
 

 
Fig.3.1Amoleculeina dielectricmedium 

 
Inanelectric field, theelectrons andatomic nuclei ofthedielectric materialexperienceforcesin 
oppositedirections.We knowthatthe 
electronsinadielectriccannotmovefreelyasinaconductor.Hence eachatombecomesatiny 
dipolewiththepositiveandnegativecharge 
centresslightlyseparated.Takingthechargeseparationasa,thecharge 
asqthedipolemomentpinthedirectionoffieldassociatedwiththe atomormolecule 
 
 P    =   qa        (3.1) 
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Eq.(3.1)givesthe dipolemomentinducedintheatom/moleculeby the 
field.Hencewecallittheinduceddipolemoment.If therearensuch dipolesinanelementof 
volumeVofthematerial,wecandefinethe 
polarisationvectorPasthe(dielectric)dipolemomentperunitvolume as 

� =
���

�
 

Within the dielectricthe charges neutraliseeach other, the negative chargeof 
oneatom/moleculeisneutralisedbythepositive chargeof its neighbour. Thus within the bulk 
of the material, the electric field 
producesnochargedensitybutonlyadipolemomentdensity.However, at 
thesurfacethischargecancellationisnotcomplete,andpolarisationchargedensitiesof 
oppositesignsappearsat thetwosurfaces perpendicular tothe field. Now what is the 
consequence of the appearanceofpolarisationcharges? 
 
Theconsequenceofthisisthattheelectricfieldinsidethedielectricis less than 
theelectricfieldcausingthepolarisation.Thepolarisationchargesgiverisetoanelectricfieldin 
theoppositedirection.Thisfield 
opposestheelectricfieldcausingpolarisation.ItisshowninFig.3.2. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.3.2FieldInsideadielectric 
 

Hencewe concludethatinsidethedielectric,theaverageelectricfieldis less than the electric 
field causingpolarisation. However, the 
macroscopicoraveragefieldisnotasatisfactorymeasureofthelocal 
fieldresponsibleforthepolarisationofeachatom. 

 
Letusdenotethefieldatthesiteorlocationoftheatomormoleculeas 
thelocalfield.Inthenextsection,wewillcalculatethelocalfieldinside adielectric. 

 

3.1.1  DefinitionofLocalField 
 

Inthissectionwewilldefinethelocalfieldinadielectricmaterial.This isthefieldona 
unitpositivechargekeptatalocationorsitefromwhich anatom or molecule has been 
removedprovided the other charges remainunaffected.Fig.3.3showsa siteina 
uniformlypolarisedmedium from whicha molecule/atomis 
removedwhenallotherchargesarekept intactattheirpositions. 
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Fig.3.3Asiteinauniformlypolarisedmedium 

 
Theextentofthechargeseparationdependsonthemagnitudeofthe localfield. Hencewe 
concludethatthe induceddipolemoment,p,is 

directlyproportionaltothelocalfield,����Thuswehave, 
 

� = ����� 

Where  �is theconstant  of  proportionality  and  is  known  
asatomic/molecularpolarisabilityand����thelocalfield. 
 
TouseEq.(3.3)werequirethevalueof ����. 
 

 

3.2    Determinationoflocalfield:electricfieldsincavitiesofa 
Dielectric 

 
Thepolarisationofdense materialssuchasliquids and 
manysolidschangestheelectricfieldinsidethematerial.Thefieldexperiencedby an 
individualatom/moleculedependsonthepolarisationof atomsin its immediatevicinity. 
Theactualvalueofthefieldvariesrapidlyfrom point topoint. Very close to the nucleus it is 
very high and it isrelativelysmallinbetweentheatoms/molecules.Bytakingthemeanof 
thefieldsovera spacecontainingaverylargenumberof atomsonegets theaveragevalueof 
thefield. 

 
ACTIVITY1 
 

Showthatthefieldatthecentreof a sphericalcavity(filledwithair)is zero. 
 

Thefieldexperiencedbyanindividualatom/moleculemay be calledthe 
localfield,whichisdifferentfromtheaveragefield.Thelocalfieldis 
theonewhichcausesthepolarisationoftheatom.TheaveragefieldcanbeexpressedasV/dwhere
Visthepotentialdifferencebetweentwopointsofadielectric,distantdapart.(asoneobtainsthefi
eldbetween theplatesofaparallelplatecondenser).Theestimationoflocalfieldis 
notsoeasy.Letusconsiderthreedifferentcavitiestofindthelocalfield 
inadensedielectric,whichhasbeenuniformlypolarised.SeeFig.3.4. 
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Fig.3.4Thefieldinaslotcutinadielectricdependsontheshape 
andorientationoftheslotEshownIstheaveragefield 
 

Thedirectionsof electric(average)fieldEandPareshowninFig.3.4. 
SupposewecutarectangularslotABCDEFGHasin(a)ofFig.(3.4). The field E and the 
polarisationP  are parallel to  the faces ABCD, EFGH.Thefieldinsidethisslot 
canbefoundout byevaluatingtheline 
integralofEaroundthecurveCshowninFig.3.4(b).SinceE dlhasto 
bezerofortheclosedcurveCthefieldinside thisslothas to be thesame as thefieldoutsidethe 
slot.Thereforethefieldinsideathinslotcut paralleltothefieldisequaltotheaveragefieldE. 

 

Nowconsider athinrectangular slotwith  facesperpendicular tothe 
averagefieldEcutfromthedielectricasshownin(c)A'B'C'D'E'F'G'H' 
ofFig.3.4.TofindthefieldinsidethisslotweusetheGauss'flux 
theoremonasurfaceSwithonefaceoutsidetheslotandonefaceinsidetheslot.SeeFig.3.4(d).T
hefluxofEthroughfacesparalleltoEis zero. Instead of the flux of E, let us consider the 

flux of electricDisplacementD.LetElocbethefieldinsidetheslot,then D1  insidetheslot is 

������. The D vector outside the slot ��� + �. Now, as the Flux of D 
through the close surface S has to be zero (no free or external charges inside the 
Guassian surface), we must have 

������= ��� + � 

∴   ����= � + �
���       (3.4)

Thefieldinsidetheslotinthiscaseisdifferentfromthefieldoutsideby
�
��� becauseofthesurfacepolarisationchargesappearingonA'B'C'D' 

showninFig.3.4(c). 
 

 

Anotherpossibleslotisa sphericalhole,whichis themostlikelywayan atomfindsitself 
inmostliquidsandsolids.Wewouldexpectthatanatom 
findsitself,ontheaverage,surroundedbyotheratomsin whatwouldbea good 
approximationtoa spherical hole. What is the 
localfieldinasphericalhole?Supposewecutasphericalholeafter"freezing"thestateofpolarisat
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ionfromauniformlypolarisedmaterial.IfwecallE locthefieldinsidethesphericalholeatitscentre

andEpthefieldproducedby 

theuniformly polariseddielectric spherical plug  atitscentre, then  byaddingElocandEp, we 
should get the average field E inside the 

dielectric.SeeFig.3.5.Thisshouldbetruebecauseofthesuperposition 

principle.Thus 
 
` 
   � = ����+ ��       (3.5)

 

 

 
Fig.3.5:ThefieldatanypointAinadielectriccanbeconsideredas 
asumofthefieldinasphericalholeplusthefieldduetothe 
sphericalplugandtherequiredfield 
 
����= � − ��        (3.6) 

 

One cancalculateEp(the field produced by the uniform polarizeddielectric)asfollows: 
 

ThefieldEp   arisesfromboundchargesofdensity=   �.n=P Cos �.hence the 
field due to the charges over an area dS is given as: 

 

   ��� =
1

4���
 .
(����)��

��
� 

where,r istheunitvectorfromthesurfacetothecentreofthesphere 
wherethefieldistobecalculated. 

 

ResolvingdEpintocomponentsparallelandperpendiculartoP,itisclear from the symmetry of 
the situation that only the components paralleltothedirectionofPwillcontributeto 
thetotalfieldEp.Thus 

 

�� = ��� .���� 

ItshouldbenotedthatthedirectionofthenhaveEpisparalleltothatofP.We then have  

   ��� =
1

4���
�
�����

��
�� 
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Now, �� = �� ������ ��  
 

andthelimitsof  � arefrom0to  �  andthatof � from0to2 . 
 

Hence 
 
 

    �� =
�

4���
������.������ 

   =
�

4���
� −

�����

2
 

   =
3

2
 .

�

4���
 

    =
�

3��
                                                                                                   (3.7) 

Thenthefieldexperiencedbyan atomina sphericalholeis 
 
 

  ����= � −
�

���
                                                              (3.8)

Todeterminethefield Epatanarbitrarypointrinsidethedielectric 

sphere,weconsiderthepolarisedsphereasa superpositionof slightly displacedspheresof 
positiveand negativecharges.See Fig.3.6.Further note that the field  at  point r  is 
entirely determined by the  charge containedinthesphereofradiusr,interiortopointr. 

 

 

 

 
 
 
 
 
 
 
 
Fig.3.6Superpositionofslightlydisplacedsphereof positiveand negativecharges 
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Thesphereofpositivechargecanberegardedasapointchargeatits 
centreandifPisthevolumechargedensitythenthepositivechargedsphereisequivalenttocha

rgeatitscentreequalto
��

�
��.Similarlynegativechargedsphereisequivalenttoapointcharge

atitscentre.Themagnitudeofthispointchargeissameas
��

�
��.If'a'istheseparationthe 

positive and negative charges in an atom, then the 

uniformlypolariseddielectricisequivalenttoadipoleofmoment
��

�
���.Ifthereare n 

dipoles per  unit volume, q is the charge on each dipole then 

�� = ��[Thenumberofpositiveornegativechargesperunitvolumeisalso equal to n in the 

spheres considered above]. Then the dipole momentofthesphereisgivenby 

 
��

�
����� =

��

�
��� 

 

andthepolarisedsphereisequivalenttoadipoleofmoment
��

�
���keptatitscentre.Thepotentia

lduetothisdipoleatthepointronthesurfaceisgivenby 

where p,r,  �areasshownintheFig.3.7. 
 

 

 
Fig.3.7Fieldoutsideauniformlypolarisedsphere 

 
ThepolarisationisinthedirectionofEandifwetakethistobethe z- 
directionwiththeoriginatthecentrethenthepotentialatTis, 

 

    � =
��

3��
 

Thisshowsthatthepotentialatapointdependsonlyonitszcoordinate. 
Hencetheelectricfieldisalongthez directionandisgivenby: 

 
Thisshowsthattheelectricfieldinsidethedielectricsphereisuniform and in the direction of 
the polarisationvector. Hence the field experiencedbyanatominasphericalholeis, 

 

�� =
−�

�
= −

�

3��
 

Thefieldinasphericalholeisgreaterthantheaveragefieldby
�

���
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ACTIVITY2 
 

Showthatthefieldinsideauniformsphericallysymmetriccharge 

distributionwithchargedensityisequalto
�

���
whereristhepositionvectorofthepointwithoriginat 

thecentre. 
 

 
3.3  TheClausius-MassottiEquation 
 
Inaliquidwewouldexpectanindividualatomto be polarisedbyafield obtainedin a 
sphericalcavityratherthanbytheaverage(macroscopic) 
field.ThususingEq.3.8andEq.3.3wehave, 
 

  � = ������ 
 

  � = ��� +
�

���
            (3.9) 

 
Thiscanberewrittenas: 
 

� =
��

��
��

���

�             (3.10) 

  Thesusceptibility�wasdefinedinUnit1 bytheequation, 

� = ����

  Hence, 

=
��

���

1 − ��
3��
�

                                                                                 (3.11) 

Eq.3.11givesthe relationbetweensusceptibilityandatomic/molecular 
polarisability.ThisisoneformoftheClausius-MossottiEquation. 
 
3.3.1   PolarisationinaGas 
 

Unliketheatoms/moleculesofaliquidorsolidit ispossibletoconsider theatoms/ 
moleculesofagasasfarapartandindependent. Wecan 
neglectthefieldduetothedipolesontheimmediateneighbourhoodof an 
individualmolecule.Hencethe localfield causingpolarisationisthe 
averageormacroscopicfieldE.Thereforewecanwrite, 

 

  � = ���� = ��  

where,nisthenumberofmoleculesperunitvolume.If weconsider 
onlyanindividualatom/moleculeandwritethedipolemomentpas: 
 
� = ����        (3.12) 
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0

where,nisthenumberofmoleculesperunitvolume.If weconsider 
onlyanindividualatom/moleculeandwritethedipolemomentpas: 
 
� = ����        (3.12) 

where,  �isknownastheatomicpolarisability.Therefore �hasthe 
dimensionsofvolumeandroughlyequalsthevolumeofanatom. 
 
Wecanrelate �or tothenaturalfrequencyofoscillationofelectrons intheatom/molecule.If 
theatomis placedinanoscillatingfieldEthe centreofchargeofelectronsobeystheequation 
 

�
���

���
+ � � �

�� = �� 

wheremisthemassofelectronofchargeq,� ��
��istherestoringforce termand 

qEtheforcefromoutsidefield-thisequationisthesameas 

theequationofforcedoscillation.Iftheelectricfieldvarieswithangularfrequency,then, 

 

      � =
��

�(��
� − � �)

 

 

Forourpurposesintheelectrostaticcase  � =0whichmeansthat 

 

      � =
��

���
� 

andthedipolemomentPis 
 

      � = �� =
���

���
� 

FromEq.(3.12)wecanwritetheatomicpolarisabilityas 
 

      � = 
��

�����
�                                                                                  (3.13) 

and 
�

�
= �� =  ��(�� − 1)= ���� 

Forhydrogengaswecangetaroughestimateof ��.Theenergyneededtoionisethehydrogenat

omisequalto13.6eV.Equatingthisto whereh isthePlanck'sconstant,weget
�� �

��
 

 

≈  
13.6 × 10��� ×  2�

6.62× 10���
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 � � = 2.65× 10��

Substitutingthisinthe equation3.13(a)weget 

  

�� ≈ 1 +
���

���
≈ 1.00020 

Theexperimentallyobservedvalueis�� = 1.00026 

 
3.3.2 RelationbetweenPolarisabilityandRelativePermittivity 
 

InUnit1,youhavenotedthatonecanwritePas: 
 

� = ��(�� − 1)�(3.14) 

where��istherelativepermittivity. 
 

UsingEq.3.14inEq.3.8weget 
 

� = � +
�

���
= (�� − 1)� 3⁄                                            (3.15)

UsingEqs.3.14and3.15onecanrewriteEq.3.9as: 

� = ��(�� − 1)� = ��
(�� − 2)

3
�  

whichyields, 

 

� =
3��
�

(�� − 1)

(�� − 2)
                                                                     (3.16) 

 

Eq.3.16givesustherelationbetweenatomic/molecularpolarisabilityandtherelativepermittivi
ty. Eq.(3.16)is anotherform of the Clausius- Mossotiequation. 
 
ACTIVITY3 
 
ObtainEq.3.15fromEq.3.14. 
 
3.4    RelationbetweenthePolarisabilityandRefractiveIndex 
 
Foradielectric,therefractiveindexdefinedastheratioofthespeed 

oflightinvacuumtothespeedinthedielectricmedium,canbeshowntobeequalto√�� 

�� = �� 
 
UsingEq.3.15inEq,3.14 weget 
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� =
3��
�

(�� − 1)

(�� + 2)
                                                                         (3.17) 

Eq.3.17givestherelationbetweenpolarisabilityandrefractiveindex. 
ThisrelationisknownastheLorentz-Lorenzformula. 
 
Inalltheequationsdiscussedabove,nrepresentsthenumberdensityofatoms ormolecules 
which is equal to��� �⁄ whereNA    is theAvogadronumber,d 
themassdensityandWthemolecularweight.For 
gases,wehavethegasequationrelatingpressure,  P,volume,Vand 
absolutetemperatureTgivenby 

��� = �� = �� �� 

whereqisthemolenumber 
 

and��= ����� �⁄ = ��� 
 

Therefore,� = ��
���  

Thus if  we determine ��at different pressures for a gas, we can calculatetheatomic / 
molecularpolarisabilityof a gas.Forthiswewrite Eq.3.16as 

 

� =
3����(�� − 1)

��(�� − 2)
 

 
or 

 
(�� − 1)

(�� − 2)
=

�

3���
��� �⁄ �                                                (3.18) 

Eq.3.18 represents the linear relation between (�� − 1) (�� + 2)⁄  and 

(p '/T).Ifnowagraphisdrawnwith(�� − 1) (�� + 2)⁄ onthey-axisand (p'/T) onthe x-

axis,wegetastraightline,theslopeofwhichgives (� 3���⁄ ) 

3.6     Behaviour of Dielectric in Changing or Alternating Fields 
 
Sofarwe haveconsideredonly electrostaticfieldsinmatter.Nowwe 
wouldliketolookattheeffectsofelectricfieldsthatvarywithtime, 
likethefieldinthedielectricofa capacitorusedinanalternatingcurrent circuit. 
 
Willthechangesin polarisationkeepupwith thechangesinthefield? 
Willthepolarisability,theratioofPtoE,atanyinstantbethesameas inastaticelectricfield? 
 
Forvery slowchangesor smallfrequencieswe do not expectany difference.However,for 
highfrequenciesorfasterprocesswe haveto lookattheresponsetimeforthepolarisation.  
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Wehavetoseparately considertwo polarisationprocessesviz., 
inducedpolarisationandthe orientationof 
permanentdipoles.Weknowthattheinducedpolarisationoccursby thedistortionof the 
electronicstructure.Inthedistortionmass involvedisthatof 
electronandthedistortionisverysmall,whichmeans 
thestructureisverystiff.Fromourknowledgeof oscillatorymotion(see 
thecourseonoscillationsandwaves),itsnaturalfrequenciesof vibration 
areextremelyhigh.Alternatively,themotionsof electronsinatomsand 
moleculesarecharacterisedbyperiodsoftheorderoftheperiodofavisible light wave (10-

16seconds). Thus the readjustment of 
theelectronicstructurei.e.thepolarisationresponseisveryrapid,occurringat thetimescale 
of10-14sec. For thisreasonwefindthatnonpolar substances 
behavethesamewayfromdcuptofrequencies closeto thoseofvisiblelight. 
 
Weshallexaminethesituationin the lightof Eq.3.15, wherewe have expressed the 
Clausius-Mossottiformula in terms of the refractive index.  We knowthat the 
refractive index is dependent on the 
wavelengthorfrequency.Thus,inaway3.13impliesthevariationof 
thepolarisabilitywithfrequency. 

 

Experimentally,d.c.valuesof  ��canbefound.Therefractiveindexof 
thesamesubstancecanbe determinedbyopticalmethods,usinga 
spectrometer.Afairlygoodagreementisfound betweenthe refractive indexand 

��valuesfor non-polarsubstances.Howeverforpolar substances, 

��varieswithfrequency;it decreaseswithincreasein frequency.Thedropinthevalueof 

��athighfrequenciesisduetothe fact that  the  permanent dipoles are not  able to follow 
the rapid alternationof thefield.Inotherwordsthepolarisationresponseofpolar 
moleculesismuchslower.However,inthefrequencyrangeofvisible 

lighttherefractiveindexand ��valuesshowafairlygoodagreementas 
indicatedbynonpolarsubstances. 
 
3.7   TheRoleofDielectricCapacitorinOurPracticalLife 
 
Dielectricshave severalapplications.Dielectricsareused very widelyin 
capacitors.Althoughthe actualrequirementsvary dependingonthe 
application,therearecertaincharacteristicswhichare desirablefortheir 
useincapacitors.Acapacitorshouldbe small,havehighresistance,be capableof beingusedat 
hightemperaturesand havelonglife.From a 
commercialpointofviewitshouldalsobecheap.Speciallyprepared 
thinkraftpaper,freefromholesandconductingparticles, isusedin 
powercapacitorswherewithstandinghighvoltagestressesis more 
importantthanincurringdielectriclosses.In addition,the kraftpaperis impregnatedwitha 
suitableliquidsuchas chlorinateddiphenyl.This increases the dielectric constant and thus 
reduces the size of  the capacitor.Inadditionthebreakdownstrengthisincreased. 
 
In additiontopapercapacitorsfor generalpurpose,othertypesof 
capacitorsareused.Inthefilm capacitors,thinfilmofteflon,mylaror 
polytheneareused.Thesenotonlyreducethesizeofthecapacitorbut 
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alsohavehighresistivity.Teflonisusedathighfrequenciesasithas 
lowloss.Inelectriccapacitors,anelectrolyteis depositedonthe 
impregnatingpaper.Thesizeof suchacapacitorissmallasthefilmis verythin.Polarityand 
themaximumoperatingvoltageare important specificationsforthesecapacitors. 
 
Someceramicscan beusedas temperaturecompensatorsin electronic circuits. 
Highdielectric constant materials, wheresmall variations in dielectricconstant 
withtemperaturecan 
betolerated,helpminiaturisecapacitors.Bariumtitanateanditsmodificationsarethebestexa
mples ofsuchmaterials. 

4.0    CONCLUSION 
 

 

In thisunit, we havelearntaboutdifferenttypesof fieldsrelativeto their 
polarisation.TheClaussius-Massotiequationfor liquidsand gaseshas 
beenderivedandtherolesofdielectricsindailylifehavebeenhighted. 
 

 

5.0    SUMMARY 
 
Insideadielectrictheaverageelectricfieldis lessthantheelectricfield 
whichcausesthepolarisation. 
 
Ina dielectricmaterial,the induceddipolemomentp,isdirectly 
proportionaltothelocalfieldandmathematicallygivenby: 

 

� = ����� 

wherethesymbolshavetheirusualmeanings. 
 

Thefieldinsideasphericalholeisgivenby: 
 

����= � + � 3��⁄  
 

whichshowsthatthefieldinasphericalholeisgreaterthantheaverage field. 
 

Therelationbetweensusceptibilityandatomic/molecularpolarisabilityisg
ivenby: 

 
�� ��⁄

1 − �� 3��⁄
 

 

6.0    TUTOR-MARKEDASSIGNMENT 
 

( 1 )  A sphere of linear dielectric material is placed in a uniformelectric 
fieldE0  (seeFig.TQ1).Findthefieldinsidethesphereandpolarisationintermsof 
externalfield 
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(2)     Theelectricfieldinsideapolarisedsphereisuniformandequalto 
− � 3��⁄ Provethisbysuperposingtheinternalfieldsoftwospheresofchargewhosecentresar
eseparated. 
 

 
 
 
 
 
 
 

 

Fig.TQ1Alineardielectricmaterialplacedinauniformmagnetic field 
 

(3)     Showthat ��timestheforceonaunitchargeplacedinadisc shaped cavitywill 
measure theelectric displacement (D)ina soliddielectric. 

 
(4)    

Adielectricconsistsofacubicalarrayofatoms(ormolecules)withspacingdbetween
eachatomalongthe(x, y,z 
)axis.ItisinfluencedbyafieldE locappliedalongthedirectionof z-axis. 

Evaluatetheaveragefieldproducedbyallthedipoles. 
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1.0    INTRODUCTION 
 
InUnits1 and2, welearnhowthemagneticfieldaffectsmaterialsand 
howsomematerialsproducemagneticfield.Youmusthavelearntin 
yourschoolPhysicsCoursethatinequipment suchasgeneratorand motor,ironor ironalloyis 
usedin theirstructureforthepurposeof enhancingthemagneticfluxandforconfiningit toa 
desiredregion. Therefore,wewillstudythemagneticpropertiesof ironandafewother 
materialscalledferromagnets,whichhavesimilarpropertiesas iron.We shallalsolearn that 
allthematerialsareaffectedby themagneticfieldto 
someextent,thoughtheeffectinsomecasesisweak. 
 
Whenwespeakofmagnetismin everydayconversation,wealmost certainly have in mind an 
image of a bar magnet. You may have observedthata magnetcanbe 
usedtoliftnails,tacks,safetypins,and needles(Fig.4.1a) while,on 
theotherhand,youcannotuseamagnetto pickupapieceof woodorpaper(Fig.4.1b). 
 

 
 

 
 
 
 
 
 
 
 

Fig.4.1 (a)Materialsthat areattractedtoamagnetarecalled magneticmaterials,(b) 
Materialsthat donot reacttoamagnetare callednonmagneticmaterials 
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Materialssuchasnails,needlesetc.,whichareinfluencedbyamagnetarecalledmagnetic 
materials whereas othermaterials, likewoodor paper,are callednon-
magneticmaterials.However,thisdoes not mean thatthereisno effectofmagneticfieldonnon-
magneticmaterials.The difference between the behaviourof such materials and iron like 
magneticmaterialsisthattheeffectof magneticfieldon non-magnetic materialisveryweak. 
 
Therearetwo typesof non-magneticmaterials:diamagneticand paramagnetic.Unit4 deals 
withdiamagneticandparamagneticeffects. The ideas,conceptsandvarioustermsthatyou 
becomefamiliarwith in thisUnitwouldhelpyouinthestudyofferromagnetism inthenext 
Unit.Inthisunit,we presenta simpleclassicalaccountofmagnetism, 
basedonnotionofclassicalphysics.Butyoumustkeepinmindthatit is notpossibleto 
understandthemagneticeffectsof materialsfromthe pointof viewof 
classicalphysics.Themagneticeffectsareacompletely quantummechanicalphenomena.Only 
modernquantumphysicsis capableofgivingadetailedexplanationof themagneticpropertiesof 
matterbecausethestudyrequiresthe introductionandutilizationof 
quantummechanicalpropertiesofatoms.Foracompleteexplanation, onemust takerecourseto 
quantummechanics;however,alotof,though incomplete,information about 
mattercanbeextracted bycombining classicalandquantumconcepts. 
 
Basically,in thisunit,we willtrytounderstand,ina generalway,the atomic origin of the 
various magnetic effects. The next unit is an extension ofthis unit. There, wewill try to 
develop a treatment of magnetisedmatter based on  some observed relations between the 
magnetic field and  the  parameters which characterisethe material. 
Finally,weconsidertheanalysisof themagneticcircuit,whichisof 
particularimportanceinthedesignof theelectromagnets. 
 

 

2.0    OBJECTIVES 
By the end ofthisunityoushouldbeableto: 

 

1. explaingyro-magnetic ratio, paramagnetism, 
diamagnetism,Larmorfrequency; 

2. relatethemagneticdipolemomentofanatomicmagnetwithits 
angularmomentum; 

3. explainthephenomenon ofdiamagnetism intermsofFaraday 
inductionandLenz'sprinciple; 

4. explain paramagnetism in terms of the torque on magnetic dipoles; 
5. findtheprecessionalfrequencyofanatomicdipoleinamagnetic field; and 
6. identifyalotofinformationaboutmagnetismofmatter that 

canbeobtainedfromtheclassicalideasofatomicmagnetism. 
 

How to Study this Unit: 

1. You are expected to read carefully through this unit twice before 
attempting to answer the activity questions. Do not look at the solution 
or guides provided at the end of the unit until you are satisfied that you 
have done your best to get all the answers. 

2. Share your difficulties in understanding the unit with your mates, 

facilitators and by consulting other relevant materials or internet. 
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3. Ensure that you only check correct answers to the activities as a way of 
confirming what you have done. 

4. Note that if you follow these instructions strictly, you will feel fulfilled 
at the end that you have achieved your aim and could stimulate you to 
do more. 

 
3.0    MAINCONTENT 

 
3.1    ResponseofVariousSubstancestoaMagneticField 

 
To show how the magnetic materials respond to a  magnetic field, 
considerastrongelectromagnet, whichhasonesharplypointedpole 
pieceandoneflatpolepieceasshowninFig.4.2. 
 

 
Fig.4.2A smallcylinderof bismuthisweaklyrepelledbythesharp 
pole)apieceofaluminiumisattracted 
 
 

Themagneticfieldismuchstrongerin theregionnearthe pointedpole whereasneartheflat 
polethefieldis weaker.Thisisbecausethelines must concentrate on the pointed pole. When 
the current is passed throughthe electromagnet(i.e.,whenthemagnetisturnedon),the 
hangingmaterialisslightlydisplaceddueto the smallforceactingonit. 
Somematerialsgetdisplacedinthedirectionof increasingfield,i.e., towardsthepointed 
pole.Suchmaterials areparamagnetic materials. 
Examplesofsuchmaterialarealuminiumandliquidoxygen.Ontheotherhand,therearematerials
likebismuth,whichareattractedin the 
directionofthedecreasingfield,i.e.,itgetsrepelledfromthepointed 
pole.Suchmaterialsarecalleddiamagnetic. Finally,thereisasmall 

classofmaterialswhichfeelaconsiderablestrongerforce(103 -105 times)  towards the pointed 
pole. Such substances are calledferromagneticmaterials.Examplesareironandmagnetite. 
 
Howdoesasubstanceexperienceaforcein amagneticfield?And why does theforceact 
inaparticulardirectionfor somesubstancewhilein oppositedirectionforothersubstance?If 
wecananswerthesequestions, wewillunderstandthemechanisms ofparamagnetism, 
diamagnetism and ferromagnetism. Magnetic fields are dueto electric chargesin 
motion.Infact,if youcouldexamineapieceofmaterialonanatomic 
scale,youwouldvisualizetinycurrentloopsdue to(i) electronsorbiting 
aroundnucleiand(ii)electronsspinningon theiraxes.For macroscopic 
purposes,thesecurrentloopsareso smallthattheyareregardedasthe 
magneticdipoleshavingmagneticmoment.Itisthismagneticmoment, 
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viawhichtheatomsatasubstanceinteractwiththeexternalfield,and 
giverisetodiamagneticandparamagneticeffects.In thisunit,youwill understandtheoriginof 
paramagnetismanddiamagnetism. 
Ferromagnetismhasbeenlefttobeexplainedinthenextunit.Letus 
firstfindoutthevalueofthemagneticmomentandseehowitisrelated totheangularmomentumof 
theatom. 
 
3.2   MagneticMomentandAngularMomentumofanAtom 

 
Electrons inanatomareinconstant motionaround thenucleus.To 
describetheirmotion,oneneedsquantummechanics,however,inthis 
unitweshalluseonlyclassicalargumentstoobtainourresults,though 
werepeatherethatourdescriptionofthephysicalworldisincomplete 
asweshallbeleavingoutquantummechanics. 

 
Weconsideran electronintheatomtobemoving,forsimplicity,in a 
circularorbitaroundthenucleusundertheinfluenceof a centralforce, 
knownastheelectrostaticforce,asshowninFig.4.3(a).Asaresultof thismotion,the 
electronwillhaveanangularmomentumL aboutthe nucleus. 
 

 
Fig.4.3(a)Classicalmodelofanatominwhichanelectronmovesatspeed vina 
circularorbit(b)Theaverageelectriccurrentisthesameasif the charge-
eweredividedintosmallbits,formingarotatingringofcharge, (c)  The orbital angular 
momentum vector and  the magnetic moment vectorbothpointinoppositedirections. 
 
 

Themagnitudeof thisangularmomentumisgivenbytheproductofthe 
massmoftheelectron,itsspeedvandtheradiusrofthecircularpath (seeFig.4.3),i.e., 
 

L=mvr        (4.l) 
 
Itsdirectionisperpendicular totheplane oftheorbit.Thefactthat 
orbitalmotionoftheelectronconstitutesan electriccurrentwill 
immediatelystrikeyourmind.Theaverageelectriccurrentisthesame asif 
thechargeontheelectronweredistributedinsmallbits,forminga rotatingringof 
charge,asshownin Fig.4.3(b).Themagnitudeofthis currentisthecharge timesthefrequency 
asthiswouldequaltothe charge per unit time passing through any point on its orbit. 
Thefrequencyofrotationisthereciprocaloftheperiodofrotation,2��/v,hencethefrequencyofr
otationhasthevalue,v/2��r.Thecurrentisthen 

� = −
�v

2��
                                                                                     (4.2)  
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Themagneticmomentduetothiscurrentistheproductofthecurrent and the area of which the 
electron path is the boundary, that is, 

 

� = ����. Hencewehave 

� =
�vr

2
                                                                                        (4.3) 

Itisalsodirectedperpendiculartotheplaneoftheorbit.UsingEq.(4.1) 
inEq.(4.3)wegetasfollows: 
 

� = −
�

2�
�                                                                                   (4.4) 

The negative sign above indicates that �and L are in  opposite directions,as shownin 
Fig.4.3(c).NotethatListheorbitalangular momentumof theelectron.Theratioof 
themagneticmomentandthe angularmomentumiscalledthegyro-
magneticratio.Itisindependentofthevelocityandtheradiusoftheorbit. 
 

 

Accordingtoquantummechanics,� = ђ� �(� + �)where l isapositiveinteger andђ =
�

��being Planck's constant. However, in somephysicalcasestheapplicabilityof 

classicalmodelsisclosetoreality, 

therefore,wewillgoaheadwiththeclassicalideas.Further,theearly workon 

thenatureofmagneticmaterialswasbasedonclassicalideas, 

whichgaveintelligentguessesatthebehaviourofthesematerials. 

 
ACTIVITY1 
 

(1)     Showthatthemagneticdipolemomentcanbeexpressedinunits

ofJT  - 1 (JouleperTesla). 

 
(2)     IntheBohrhydrogenatom,theorbitalangularmomentumofthe 

electronisquantizedinunitsof h,whereh=6.626 x 10- 34Jsis 
Planck'sconstant.Calculatethesmallestallowedmagnitude of 

theatomicdipolemomentinJT  - 1 

.(ThisquantityisknownasBohrmagneton.)Themassoftheelectronis9.109x 10- 31 

kg. 

 

Inadditiontoits orbitalmotion,youknowthat,theelectroninanatom 
behavesasifitwererotatingaroundanaxisofitsownasshowninFig. 
4.4. 
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Fig.4.4Thespinandtheassociatedmagneticmomentofthe electron 
 
This property is calledspin. Thoughstrictlyit is notpossible to visualisethespinof 
apointparticlelikeelectron,formanypurposesit 
helpstoregardtheelectronasaballofnegativechargespinningaround 
itsaxis.Thenyoucansaythat it isacurrentloop.Spinisentirelya quantummechanicalidea. 
Nevertheless, thespin oftheelectron hasassociatedwithit an angularmomentumanda 
magneticmoment.For purelyquantummechanicalreasonswithnoclassicalexplanation,we 

have� = −
�

�
�                                                                                         (4.5) 

where S is the spin angular momentum and µis  the spin magnetic 
moment.Thegyromagneticratioin thiscaseistwicethatintheorbital case. 
 
Ingeneral,anatom has severalelectrons.Theorbitaland spinangular 
momentaoftheseelectronscanbecombinedinacertainway,therules 
ofwhicharegivenbyquantum mechanics, togivethetotalangular 
momentumJandaresultingtotalmagneticmoment.Itsohappensthat thedirectionof 
themagneticmomentis oppositeto that of theangular 
momentuminthiscaseaswell,sothatwehave 
 

   � = −�
�

2�
�                                                                                       (4.6) 

wheregisa numericalfactorknownasLandeg-factorwhichis a characteristicof thestateof the 
atom.Therulesof quantummechanics enableustocalculatetheg-
factorforanyparticularatomicstate,g=1 forthepureorbitalcaseandg=2forthepurespincase. 
 
Theatomormoleculesinteractswiththeexternalmagneticfielddueto its magneticmoment.But 
thereisanotherwayin whichatomiccurrents andhencemomentsare affectedby thefield.In 
thiscasethemagnetic momentisinducedbythefield.Thiseffectleadsto diamagnetismwhich 
westudyinthenextsection.Butbeforemovingtothenextsection,try thefollowingSAQ. 
 
ACTIVITY2 
 
(1)     CompareEq.(4.6)with(4.4)and(4.5),tofindthevalueofgfor 

(i)pureorbitalcaseandfor 
(ii)purespincase. 

 

(2)     Theexperimentallymeasuredelectronspinmagneticmomentis9.27 x 1024Am2. Show 
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that this value is consistent withtheformulagivenbyEq.4.5. 

(Hint:AccordingtoBohr'stheory� =
ђ

�
  ℎ���,ђ =

�

��
constant.) 

 

3.3    DiamagnetismandParamagnetism 
 
In manysubstances,atomshave no permanentmagneticdipolemoments 
becausethemagneticmomentsof variouselectronsin the atomsof these substancestend to 
cancelout,leavingno net magneticmomentinthe atom. The orbital and spin magnetic 
moments exactly balance out. Thesematerialsexhibitdiamagnetism.If amaterialof 
thistypeisplaced in amagneticfield, littleextracurrentsare inducedintheiratoms, 
accordingtothelawsofelectromagneticinduction,insuchadirection asto 
opposethemagneticfieldalreadypresent.Hence,in sucha 
substance,themagneticmoments(onaccountof inducedcurrents)are 
inducedinadirectionoppositetothatoftheexternalmagneticfield. 
Thiseffectisdiamagnetism.Itisa weakereffect.However,thiseffectis universal. 
 
Thereareothersubstancesof whichtheatomshavepermanentmagnetic 
dipolemoments.Thisisduetothefactthatthemagneticmomentsdue 
toorbitalmotionandspinsoftheirelectronsdonotcancelout,buthave anet 
value.Whensuchasubstanceis placedin amagneticfield,besides 
possessingdiamagnetism,whichis alwayspresent,thedipolesof sucha 
materialtendtolineupalongthedirectionof themagneticfield.Thisis paramagnetism and the 
material is called paramagnetic. In a paramagnetic substance, the paramagnetism usually 
masks the ever presentpropertyofdiamagnetismineverysubstance. 
 
Diamagnetisminvolvesa changeinthemagnitudeofthemagnetic momentof anatom 
whereasparamagnetisminvolveschangeinthe 
orientationofthemagneticmomentofanatom.Letusseehow. 
 
3.3.1 Diamagnetism – Effect of Magnetic Field on AtomicOrbits 
 
Weconsideranatom,whichhasnointrinsicmagneticdipolemoment, and imagine that a 
magnetic field is slowly turned on in the space occupiedbytheatom.Theactof 
switchingthemagneticfieldintroduces 
changeinthemagneticfieldwhich,inturn,generatesanelectricfield 
givenbyFaraday'slawofinduction.ItstatesthatthelineintegralofE 
aroundanyclosedpathequalstherateofchangeofthemagneticflux 
throughthesurfaceenclosedbythepath. 
 
Forsimplicity,wechoosea circularpathalongwhichtheelectroninthe 
atomismoving(seeFig.4.5).Theelectricfieldaroundthispathis given byFaraday'slawas: 
 

��.��= −
��

��
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or   

� × 2��� = −
�

��
(�.���

�)                                                 (4.7) 

 
 
Fig.4.5AnelectronmovingincircularorbitmauniformmagneticHeldthatisnormaltotheO
rbit 
 
where, ��istheradius ofthecircular path  perpendicular toB.The 

aboveequationgivesthecirculatingelectricfieldwhosestrengthis, 
 

� = −
��
2

��

��
                                                                                   (4.8)

 
Thiselectric  fieldexertsatorque� = − ����ontheorbiting 

electronwhichmustbeequaltotherateofchangeofitsangularmomentum 
��

��
thatis, 

��

��
= − ���� 

��  
��

��
= − � �

��
2

��

��
��� 

��  
��

��
= − �

��
�

2

��

��
                                                                 (4.9) 

Thechangeinangularmomentum,∆�,duetoturningonthefieldis 
obtainedbyintegratingEq.(4.9)withrespectto timefromzerofieldas follows: 
 

∆� =
���

�

2
∆�                                                                             (4.10)

ThusEq.(4.10)showsthatabuildupof amagneticfieldB causesa change in the angular 

momentum of the electron, ∆�, and hence a 
changeinthemagneticmomentgovernedbyEq.(4.4)asfollows: 

 
 



PHY 204       ELECTROMAGNETISM 

70 

 

∆� = −
�

2�
∆� 

∆� =
���

�

4�
�                                                                                    (4.11) 

ThedirectionoftheinducedmagneticmomentisoppositetothatofB, whichproduces 
itascanbeseen fromthenegative signintheEq. 

(4.11).Inthisequation,wehavetheterm��
�whichisthesquareoftheradiusoftheparticulare

lectronorbitwhoseaxisisalongB.IfBisalongthe z-axis,weput��
� = x� +

y�.Thus,theaverage  ��
�wouldbe 

2< x� > ,since < x� >  =< y� >  =< z� > duetosphericalsymmetry. 

Further< x� >  =< y� >  =< z� >  =
�

�
< x� + y� + z� >  =

�

�
< r� >  

�����   
2

3
< r� >  

HencetheEq.(4.11),whichweshallwriteas 

 

∆� =
�� < r� >

4�
�  

Becomes, 
 

∆� = −
��

��
< r� > �                                                                   (4.12)

Wefindthattheinducedmagneticmomentin adiamagneticatomis proportionaltoB 
andopposesit.Thisis diamagnetismof matter.If each 
moleculehasnelectrons,eachwithanorbitofradiusr,thenthechange inthemagneticmomentof 
theatomis 

 

∆� = −
��

6�
� < r� > �

��� ���������

 

Thereisan alternativewayof understandingthe originof diamagnetism 
whichisbasedonthefactthatanelectroneitherspeedsuporslows downdepending 
ontheorientation ofthemagnetic field.Letussee 

how.AsshowninFig.4.6,intheabsenceofthemagneticfield,thecentripetalforce
� � �

�
isbalan

cedbytheelectricalforceasfollows: 

1

4����
�
 .
��

��

=
mv�

�
                                                                      (4.13) 

 

Letusfindoutwhathappenstooneoftheorbitswhenanexternal 
magneticfieldisappliedasshowninFig.4.7. 
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Fig.4.6There isnoexternal magnetic field. Centripetal forceis 
balancedbytheelectricalforce 
 

 
Fig.4.7Magneticfieldisperpendiculartotheplaneoftheorbit 
 
 
 

In the presence of the magnetic field there is an additional terme(vxB)and under these 
conditions speed of the electron changes. 

Supposethenewspeedisv1,then 
 

1

4����
�
 .
��

��
=
mv�

�
 

or

�v�� =
m

r
(v�

� − v�)=
m

r
(v� + v)(v� − v) 

Ifweassumethatthechange ∆� = v� − vissmall,weget 

�v�B =
m

r
(2v�)∆� 

or 

∆� =
���

2�
 

Achangeinorbitalspeedmeansachangeinthedipolemomentgiven byEq.(4.3)asfollows: 

 

∆� = −
1

2
�(∆�)�= −

����

4�
�                                                  (4.15) 
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Thisshowsthatchangein�is oppositetothedirectionof B.In the absenceof 
anexternalmagneticfield,theelectronorbitsarerandomly 
orientedandtheorbitaldipolemomentscancelout.Butinthepresence 
ofamagneticfield,thedipolemomentofeachatomchangesandallgetaligned antiparallel to the 
external field. This is the mechanismresponsiblefordiamagnetism.This property of 
magneticmaterialis observedin allatoms.Butasitismuchweakerthanparamagnetismitis 
observedonlyinthosematerialswhereparamagentismisabsent. 

 
3.3.2 Paramagnetism–TorqueonMagneticDipoles 
 
Paramagnetismis exhibitedbythoseatomswhichdonothavemagnetic 
dipolemoment.Themagneticmomentof anatomisduetothemoment 

producedbytheorbitalcurrentsofelectronsandtheir"unpairedspins". Acurrentloophaving � 
asitsmagneticdipolemomentwhenplacedin 
auniformfieldexperiencesatorqueTwhichisgivenby 
 

τ=µ x B 
 
Thetorquetendstoalignthedipolessothatthemagneticmomentis lined up parallel to  the field 
(in the way the permanent dipoles of dielectric are lined up  with electric field). It is this 
torque which accountsforparamagnetism.You mightexpecteverymaterialtobe paramagnetic 
since every spinning electron constitutes a magnetic 
dipole.Butitisnotso,asvariouselectronsoftheatomarefoundin pairswith 
opposingspins.Themagneticmomentofsuchapairof electronsiscancelled 
out.Thusparamagnetism isexhibitedbythose atomsormoleculesinwhichthe 
spinmagneticmomentisnotcancelled. 
Thatiswhytheword"unpairedspins"iswrittenabove.Paramagnetism is 
generallyweakbecausethe liningsupforcesare relativelysmall 
comparedwiththeforcesfromthethermalmotionwhichtrytodestroy the order. 
Atlowtemperatures, there is more liningup andhence strongertheeffectofparamagnetism. 

 
ACTIVITY3 
 

A. Of the following materials, which would youexpect to be paramagneticand 
whichdiamagnetic? 

 
Copper,Bismuth,Aluminium,Sodium,Silver. 

 
 

B.    Woulditbepossibletoprepareanalloyof,say,a diamagnetic 
materiallikecopperandaparamagneticmateriallikealuminiumsothatthealloywillneitherbepar
amagneticnordiamagnetic? 
 

 

3.4    TheInteractionofanAtomwithMagneticField-LarmorPrecession 
 
Inthelastsubsection,whileexplainingparamagnetismwe,considered 
anatomasamagnetwiththemagneticmomentµ. Whenplacedin a 
uniformmagneticfieldB,itisacteduponbyatorqueτ=µ xB,which 
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tendstolineitupalongthedirectionofthemagneticfield.Butitisnot so 
fortheatomicmagnet,becauseit has anangularmomentumJlikea spinning top. We already 
know that a rapidlyspinning top or a 
gyroscopeinthegravitationalfieldisacteduponbyatorque,theresult of 
whichisthatitprecessesaboutthedirectionof thefield.Similarly, insteadof liningupwith 
thedirectionofthemagneticfield,theatomic magnetprecessesaboutthefielddirection.The 
angularmomentumand withitthemagneticmomentprecessaboutthemagneticfield,asshown 
inFig.4.8a. 
 
Duetothepresenceofthemagneticfield,theatomwillfeelatorqueT whosemagnitudeisgivenby: 
 

� = ������                                                                                  (4.16) 

where�istheanglewhich �makeswithB.Thedirectionofthetorque isperpendicular 

tothedirection ofmagnetic fieldandalsoof �,as showninFig.4.8b. 

 
 

 
 
 
 
 
 
 
 
Fig.4.8 (a)Theangularmomentumassociatedwithatomicmagnet 
processesaboutmagneticfield(b) Thepresenceofmagneticfield results in the torque 
T. It is at right angles to the angular momentum;(c) Thetorquechangesthe 
directionof theangular momentumvector,causingprecession 
 

NoticethatthetorqueisperpendiculartothevectorJ.Nowaccordingto 
Newton'ssecondlaw 

 

� =
��

��
                                                                                             (4.17) 

Forsmallchanges,wecanwriteitas 

 
∆�=  �∆�                                                                              (4.18) 

In other words, the  torque will produce a change in the angular 
momentumwithtime.Supposethat ∆J isthechangeintheangular 
momentuminanintervaloftime ∆t.This ∆Jwillbeinthedirectionof τ. 
ThiswillresultinthetipofJmovinginacircleaboutBastheaxis. Thisis,infact,a 

precessionofJ(soalsoof �)aboutthedirectionofB. Themagnitudeof 
∆JcanbewrittenbyusingEq.(4.16)inEq.(4.18)as follows: 

 
∆�=  �∆� = (������)∆�                                                             (4.19)



PHY 204       ELECTROMAGNETISM 

74 

 

Althoughthetorqueτ, beingatrightanglestoJ,cannotchangethe 
magnitudeofJ,itcanchangeitsdirection.Fig.4.8cshowshowthe vector 

∆JaddsvectoriallyontothevectorJ tobringthisabout.If  �� is 

theangularvelocityoftheprecessionand ∆� isangleofprecessionin 

time∆�then 
 

�� =
∆�

∆�
                                                                                          (4.20) 

FromFig.4.8cweseethat 

 

∆� =
∆�

�����
=
(������)∆�

�����
 

Dividingaboveby∆�,approaching thedifferential limitandputting 

�� =
∆�

��
 ,�� ��� 

�� =
��

�
                                                                                        (4.21) 

Substituting�/�for fromtheEq.(4.6),weget 
 

 

�� = �
�

2�
�                                                                                 (4.22) 

 

as the angular speed of  precession of an atomic magnet about the 

directionofB.IfinEq.(4.22)g=1,then �� iscalledtheLarmorfrequency,andisproportiona

ltoB.Itshouldbeborneinmindthatthis istheclassicalpicture. 

 
Nowyoumaywonderif theatomicmagnets(dipoles)precessabout magnetic field, how 
many of  these dipoles get aligned along the direction ofmagnetic field. We know that 

thepotentialenergy ofadipoleintheappliedfieldisgivenby–  �.B = 

BCos�.Therefore,anunaligneddipolehasagreaterpotentialenergythananalignedone.If the 
energyofthedipoleis conservedthenitcannotchangeitsdirection 

withrespecttothefield,i.e.thevalueof angle �remainsconstant.Soit 
keepsprecessingaboutthefield.However,by losingenergytheatomic 
dipolegetsalignedwiththefield.Inasolid,thedipolecanloseenergy 
invariouswaysasitsenergyistransferredtootherdegreesoffreedom 
andsoitgetsalignedwiththefielddependinguponthetemperatureof 

thesolid.Tochangetheorientationofthedipole,themaximumenergyrequiredis 2��.If  

�isabout10 – 23Am – 23 

andalargefield,say,5Tisappliedthenthepotentialenergywillbeoftheorderof10 -22 

joules.This iscomparabletothethermalenergykTatroomtemperature.Thusonly a 
smallfractionof thedipoleswillbealignedparallelto B.Inthenext sectionit 
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willbeshown,usingstatisticalmechanics,whatfractionof dipolesisalignedalongB. 
 
Inthepresenceof themagneticfield,whenthetinymagneticdipoles 
presentinthematerialgetalignedalongaparticulardirectionwesay 
thatmaterialbecomesmagnetizedormagneticallypolarized.Thestate of 
magneticpolarizationof amaterialis describedby thevectorquantity 
calledmagnetisation,denotedbyM.Itis definedasthemagneticdipole 
momentperunitvolume.ItplaysaroleanalogoustothepolarizationP 
inelectrostatics.Inthenextsectionwe willalsofindtheexpressionof magnetisationfor 
paramagnets.But beforeproceedingdo thefollowing SAE. 
 
ACTIVITY4 
 
Water has all the  electron spins exactly balanced so  that their net 
magneticmomentiszero,butthe watermoleculesstillhavea tiny 
magneticmomentofthehydrogennuclei.Inthemagneticfieldof1.0 
Wbm - 2protons(intheformofH-nucleiofwater)havetheprecession 
frequencyof42MHz.Calculatetheg-factoroftheproton. 

 

AccordingtoBoltzmann'slawtheprobabilityoffinding 
moleculesinagivenstatevariesexponentiallywiththe 
negative of the potential energy ofthatstatedivided 

bykT.InthiscasetheenergyEdependsupontheangle � thatthe
momentmakeswiththemagneticfield.So 

probabilityisproportionaltoexp (- � (�) / KT).
 
 

3.6 MagnetisationofParamagnets 
 
Inthepresence ofan external magnetic field, themagnetic moment 
tendstoalignalongthedirectionof themagneticfield.Butthethermal 
energyofthemoleculesinamacroscopicpieceofmagneticmaterial tends to randomisethe 
direction of molecular dipole moments. Therefore,thedegreeof 
alignmentdependsbothonthestrengthof the fieldandonthe 
temperature.Letusderivethedegreeofalignmentof 
themoleculardipoles,quantitatively,usingstatisticalmethods. 
 
SupposethereareNmagneticmoleculesper unitvolume,eachof magnetic moment�, at a 
temperature T. Classically, themagnetic dipolecanmakeany arbitraryanglewiththefield 
direction(Fig.4.9).In 

theabsenceofanexternalfield,theprobabilitythatthedipoleswillbebetweenangles � and� +d  

isproportionalto 2� ���� ��,whichisthe 

solidangle dΩsubtendedbythisrangeofangle.Thisprobabilityleads 
toazeroaverageofthedipoles.WhenamagneticfieldBisappliedin the z - direction, the 

probability becomes also proportional to the Boltzmann distribution,��� ��⁄ .Here� =
−�� = ������ isthe magneticenergyofthedipolewhenitismakinganangle withthe 
magneticfield,k istheBoltzmannconstantandT istheabsolute temperature. 
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Fig.4.9Calculationoftheparamagneticpropertiesofmaterialsin 
anexternalmagneticfield 
 

Hence, thenumber  ofatoms(or molecules) dNperunitvolume for which  

�makesanglesbetween   �and  �  + d�withB,isgivenby 
 

= 2� ��������� ��⁄ �����������                                            (4.23) 

whereKisaconstant 

Calling   �� ��⁄  �� �,thetotalnumberofdipolesperunitvolumeofthe specimenis 
 
 

� = ��
�� = �2���������

�

�

������ 

Putting����= x, wehave 

� = 2�� � ����

��

��

�� 

=
2��

�
(�� − ���)                                                                         (4.24) 

Themagneticdipole,makinganangle �withB,makesacontribution 

�cos �totheintensityofmagnetizationMofthespecimen.Hence,the 

magnetizationofthespecimenobtainedbysummingthecontributionsofallthedipolesinthe 

unitvolumeisgivenby: 
 

 

� = �������� 
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= 2� ��������� ��⁄ ����������� 

= 2�� � ����

��

��

���  

where, again, we have put����= �  ���  �� ��⁄ = �.Evaluating 

theboveintegral,weobtain 

� = 2��� �
�

�
(�� + ���)+

�

��
(�� + ���)� 



Substitutingfor2��fromtheEq.(4.24),weget 

 
 

� = �� �
(�� + ���)

(�� − ���)
−
1

�
� 

∴ � = �� �cot� −
1

�
�                                                            (4.25) 

where�� = �� isthesaturationmagnetizationofthespecimenwhen  

allthedipolesalignwiththemagneticfield.Theexpression cot� −
�

�

calledtheLangevinfunctionwhichisdenotedby L(a). 
 

 
 

Wenowconsidertwocases:(i)when 
B

isverylarge.Thiswould kT 

happenifthetemperaturewereverylowand/orBverylarge.Forthis case, 

�(�)= cot� −
1

�
=
�� + ���

�� − ���
−
1

�
=
1 + ����

1 − ����
−
1

�
≈ 1 

Hence, � = ��.Thesewouldbesaturation. 
 
 

(ii)     When
��

�� issmallwhichmeansthatTislargeand/orBissmall.In thiscasecot� −
�

�
=

�

�
and � = ��( �� 3��⁄ )= ���� 3��⁄ .
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Thecompletedependenceof  MonBisshowninFig.4.10.Foryour comparison,thedependenceof 
MonB basedonquantummechanical calculationisalsoshown. 
 

 
Fig4.10  
TheMagnetisationofparamagneticmaterialplacedinamagneticfieldBasafunctionof 

� =
��

�� ( i ) isbasedonclassicalcalculationwithnorestrictiononthedirectionofdipole(ii)isbase

donquantummechanicalcalculationwithrestrictiononthedirection ofdipole 
 

 
ACTIVITY5 

 

Evaluatetheintegral ∫ ��� ���
��

��
 

ACTIVITY6 

Showthatwhen� = �� ��⁄ issmall, � = �� �cot� −
�

�
� =

���

�
 

Letusnowsumupwhatwehavelearntinthisunit. 

4.0    CONCLUSION 
 

In unit4,wehaveexplainedgyromagneticratio,paramagnet-ism, diamagnetism 
andLarmorfrequency. Inaddition, wehaveexplained howto 
obtaininformationaboutmagnetismofmatterfromtheclassical ideasofatomicmagnetism. 
 

 

5.0    SUMMARY 
 

 

Allmaterials are,insomesense,magnetic andrespondtothe presence of amagnetic field. 
Materials can be classified into mainly three groups:  diamagnetic, paramagnetic and 
ferromagnetic.Diamagnetismis displayedbythosematerialsin whichthe 
atomshavenopermanentmagneticdipolemoments. 
Paramagnetismandferromagnetismoccurs in thosematerialsin 
whichtheatomshavepermanentmagneticdipoles. 

 

 

Theorbitalmotionof theelectronisassociatedwithamagnetic 
momentn,whichisproportionaltoitsorbitalangularmomentum J.Wewritethisas 
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� = −� �
�

2�
�� 

wheree is the chargeonelectron,mthemassof electronandgis Landeg- 
factorwhichhasavalue ≈  1fororbitalcaseand2for spincase. 

 

 

The ratio of the magnetic dipole moment to 
theangularmomentumiscalledthegyromagneticratio. 

 

 

Themagneticdipolesin themagneticmaterialsare dueto atomic 
currentsofelectronsintheirorbitsandduetotheirintrinsicspins. 
 

Changeinthemagnitudeof themagneticmomentofatomsis 
responsiblefordiamagnetismwhereaschangeintheorientation 
ofthemagneticmomentaccountsforparamagnetism. 
 

 

Becausethemagneticmomentis associatedwithangular momentum,in thepresenceof 
amagneticfield,theatomdoesnot simplyturnalongthemagneticfieldbutprecessesarounditwith 

afrequency�� = �(� 2�⁄ )�.This  is called the Larmorprecession. 

Whena diamagneticatomisplacedin an externalmagneticfield normaltoits orbit,the 
fieldinducesamagneticmomentopposing thefielditself(Lenz'slaw)as 
 

∆� =
� ��

4�
� 

whererandmaretheradiusoftheorbitandmassoftheelectron. 
 

Whenatomsofmagneticmoment �areplacedinamagnetic 

fieldB,thentheMagnetisationMisgivenby 
 

� = ��(cot� − 1 �⁄ ) 

 

where, � =
��

�� and �� = ��is the saturation magnetization 

whenall thedipolesarealignedinthedirectionoffield. 

 
6.0    TUTOR-MARKEDASSIGNMENT 
 

 

1.      Auniformlychargeddischavingthechargeqandradiusris 

rotatingwithconstantangularvelocityofmagnitude� .Show 

thatthemagneticdipolemomenthasthemagnitude, 
�

�
(����). 

(Hint:Dividethesphereintonarrowringsof rotatingcharge;find 

thecurrenttowhicheachringisequivalent,itsdipolemoment 

andthenintegrateoverallrings.) 
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2.       Comparetheprecessionfrequencyandthecyclotronfrequencyof 
theprotonforthesamevalueofthemagneticfieldB. 
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3. Explain gyro-magnetic ratio, paramagnetism, diamagnetism and lamer frequency. 
 
4. Explain the phenomenon of diamagnetism in terms of Faraday induction and 

Lenz principles 
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1.0    INTRODUCTION 
 
Earlier in this course you have studied the behaviourof dielectric materialsin responseto 
theexternalelectricfields.This wasdoneby 
investigatingtheirpropertiesintermsofelectricdipoles,bothnatural andinduced,presentin 
thesematerialsand theirliningupin the electric 
field.Themacroscopicpropertiesofthesematerialswerestudiedusing the so-
calledpolarizationvectorP, the electricdipolemomentper unit volume. 
 
Themagneticpropertiesofmaterialshavea similarkindof explanation, albeitina 
morecomplicatedform,duetotheabsenceoffreemagnetic monopoles.Themagneticdipolesin 
thesematerialsareunderstoodin terms of the so-called Amperian current loops, 
firstintroducedby Ampere. 
 
All materials are,in some sense, magnetic and exhibitmagnetic propertiesof 
differentkindsandof varyingintensities.Asyouknow,all materials,can bedividedinto 
threemaincategories: (i)Diamagnetic; (ii)Paramagneticand(iii) Ferromagneticmaterials.In 
thisunit,we shall studythemacroscopicbehaviourofthesematerials. 
 
Weunderstood themacroscopic properties ofthedielectricmaterials 
usingthefactthattheatomsandmoleculesof thesesubstancescontain electrons,whichare 
mobileandare responsibleforthe electricdipoles, 
naturalandinduced,inthesesubstances.Thepolarisationof these substancesisthegrosseffectof 
thealignmentof thesedipoles.Similarly wedescribethemagneticpropertiesof 
variousmaterialsintermsof the magneticdipolesinthesematerials. 
 

InUnit4,wehavealreadyexplaineddiamagnetismandparamagnetism intermsofmagnetic 
dipoles. Inthisunit,first,wewillmention the originofferromagnetism.  
Later,wewilldevelopadescriptionofthe macroscopicpropertiesofmagneticmaterials 
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2.0     OBJECTIVES 
 

Afterstudyingthisunityoushouldbeableto: 
 

 explainthe 
terms:ferromagnetism,amperiancurrent,magnetisation,magnetic 
intensityH, magnetic 
susceptibility,magneticpermeability,relativepermeability; 

 relatemagnetisationM(whichisexperimentallymeasurable)and 
theatomiccurrents(whichisnotmeasurable)withinthematerial; 

 derivethedifferentialandintegralequationsfor 
MandHandapplythesetocalculatefieldsforsimplesituations; 

 interrelateB,H,M,no,Handy≤; 

 relateB&Htovariousmagneticandnon-magneticmaterials; and 

 deriveanequationinanalogywithOhm's  lawforamagnetic circuit. 
 
 
 
 
 
 
 
 
 
 

 

Fig.5.1:Domain 
 

Considertwo electronsonatomsthatare close to eachother.If the 
electronspinsareparallel,theystay awayfrom eachother due to 
Pauli’sprinciple,therebyreducingtheircoulombenergy 
ofrepulsion.Ontheotherhand,if thesespinsareanti-parallel, 
theelectronscancomecloseto eachotherandtheircoulomb energyis 
higher.Thus,bymakingtheirspinsparallel,the 
electronscanreducetheirenergy. 

 
 

 

How to Study this Unit: 

1.  You are expected to read carefully through this unit twice before 
attempting to answer the activity questions. Do not look at the 
solution or guides provided at the end of the unit until you are 
satisfied that you have done your best to get all the answers. 

2. Share your difficulties in understanding the unit with your mates, 

facilitators and by consulting other relevant materials or internet. 

3. Ensure that you only check correct answers to the activities as a way 
of confirming what you have done. 

4. Note that if you follow these instructions strictly, you will feel 
fulfilled at the end that you have achieved your aim and could 
stimulate you to do more. 
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3.0    MAINCONTENT 
 

3.1    Ferromagnetism 
 

Ferromagnetic materials  are those materials,which respond very stronglyto the presence of 
magnetic fields. In such materials, the 
magneticdipolemomentoftheatomsarisesduetothespinsofunpairedelectrons.Thesetendtoline
upparalleltoeachother.Suchaline-up does not occur over the whole material, but it  occurs 
over a small volume,knownas 'domain\asshowninFig.12.1.However,these 
volumesarelargecompared totheatomicor moleculardimensions. Suchline-
upstakeplaceevenintheabsenceofanexternalmagnetic 
field.Youmustbewonderingaboutthenatureofforcesthatcausethe 
spinmagneticmomentsofdifferentatomstolineupparalleltoeach other.This 
canbeexplainedonlybyusingquantummechanicalideaof "exchangeforces".Wewill not go 
intothedetails of exchangeforces. Aboutthis,you will studyinothercoursesofphysics,but we 
aregiving yousomeideaofexchangeforcesinthemarginremark. 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.5.2Thedomainsinanunmagnetised barofiron.The 
arrowsshowthealignmentdirectionofthemagneticmoment ineachdomain 

 

 

 

In anunmagnetizedferromagneticmaterial,themagneticmomentsof 
differentdomainsarerandomlyoriented,and theresultingmagnetic moment of the material, 
as a  whole is zero, as shown in Fig. 5.2. However,inthepresenceof 
anexternalmagneticfield,themagnetic moments ofthedomains line-up insuch amanner as  
togive  anet magneticmomentto thematerialin thedirectionof thefield.The 
mechanismbywhichthis happensis thatthedomainswiththemagnetic 
momentsinthefavoureddirectionsincreasein sizeattheexpenseof the 
otherdomains,asshowninFig.5.3a. 
 

 
Fig.5.3Inaferromagneticmaterialdomainchanges,resultingina netmagnetic moment, 
occurthrough (a)domain growthand(b) domainrealignment 
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Inaddition,themagneticmomentsof theentiredomainscanrotate,as shownin 
Fig.5.3b.Thematerialisthusmagnetised.If,afterthis,the externalmagneticfieldisreducedto 
zero,there stillremainsa considerableamountof magnetizationinthematerial.Thematerialgets 
permanently magnetized. The behaviourof ferromagneticmaterials, underthe 
actionofchangingmagneticfields,isquitecomplicatedand exhibitsthephenomenon 
ofhysteresiswhichliterally  means'lagging behind'.You willstudymoreaboutthisinSec.5.5. 
 
Aboveacertaintemperature,calledthe'CurieTemperature',because theforcesof 
thermalagitationdominate'exchange'forces,thedomains 
losetheirdipolemoments.Theferromagneticmaterialbegins to behave likea 
paramagneticmaterial.Whencooled,it recoversitsferromagnetic properties. 
 
Finally,we brieflymentiontwo othertypesofmagnetism,whichare closelyrelatedto 
ferromagnetism.Theseare anti-ferromagnetismand ferrimagnetism(alsocalledferrites).In 
thiscourse,we will notstudythe physics of antiferro- and ferrimagnetism. The main reason 
for mentioningthesematerialsarethattheyare of technologicalimportance, being used in 
magnetic recordingtapes, antenna and in computer memory. 
 
In antiferromagneticsubstances,the 'exchange'forces,aswementioned earlier,playtheroleof 
settingtheadjacentatomsintoantiparallel alignmentof 
theirequalmagneticmoments,thatis,adjacentmagnetic 
momentsaresetinoppositedirections,asshowninFig.5.4a. 
 
Suchsubstancesexhibitlittleor noevidenceof magnetismpresentin the body.However,if 
thesesubstancesareheatedabovethetemperature 
knownasNeeltemperature,theexchangeforceceasesto act andthe 
substancebehaveslikeanyotherparamagneticmaterial. 

 
In ferrimagneticsubstances,knowngenerallyasferrites,the exchange 
couplinglocksthemagneticmomentsof theatomsinthematerialintoa 
pattern,asshowninFig.5.4b.Theexternaleffect of such an alignment 
isintermediatebetweenferromagnetismandantiferromagnetism.Again, 
heretheexchangecouplingdisappearsaboveacertaintemperature. 

 

 
Fig.5.4Relativeorientationof 
electronspinsin(a)antiferromagneticmaterialand(b)ferrite. 

 

Thus, we findthatthe magnetizationof thematerials is dueto 
permanent(andinduced)magneticdipolesin thesematerials.The magneticdipolemomentsin 
thesematerialsare duetothecirculating electriccurrents, known asamperian currentsat the 
atomic and molecular levels. You are expected to understand the 
correctrelationshipbetweenmagnetizationin amaterialandthe amperiancurrents,togetherwith 
thebasicdifference(and sometimessimilarities) betweenthebehaviourof 
themagneticmaterialsinmagneticfields,and dielectrics(andconductors)inelectricfields. 
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Thoughthephysicsof paramagneticandferromagneticmaterialshave 
analoguesintheelectriccase,diamagnetismispeculiartomagnetism. The student is advised to  
read the matter in this unit and find the analogiesandappreciatethedifferences,if 
any,byreferringbacktothe unitsondielectrics.Inthenextsection,wewillfindout the 
relationship betweenthemacroscropicquantityM,whichis experimentally measurableandthe 
atomiccurrents(amicroscopicquantity)withinthe materialwhichisnotmeasurable.Withthe 
helpof thisrelationship,we canfindoutthemagneticfieldthatmagnetisedmatteritselfproduces. 

 
3.2    MagneticFieldDuetoaMagnetisedMaterial 

 
InUnit1,wehavedescribedthemacroscopicpropertiesof dielectric 

materialsintermsofthepolarizationvectorP,theoriginofwhichisin thedipolemomentsofits 

naturalorinducedelectricdipoles.Weshall adoptasimilarprocedurein thestudy of 

magneticmaterials.Youwould betemptedtosaythatweshouldcarryoverall 

theequationsinthestudy of dielectricstomagneticmaterials.Onewayof doingthis wouldbe to 

replacetheelectricfieldvectorE byB, thenreplacePbyananalogous quantity which  we  shall 

call magnetization vector M  which is  the magneticdipolemomentperunit 

volume.Further,we replacethe polarization charge density��bymagnetic'charge' density 

��whateverthatmeans,by writing ∇.� = −��justaswehad∇.� = ��. 

Infact,peopledid somethinglike this,andtheybelievedthatmagnetic 
chargesormonopolesexist.Theyhavebuilta wholetheoryof 
electromagnetismonthisassumption.However,weknowthatmagnetic'charges'ormonopolesha
venot yet been detectedin anyexperimentso far,  despite a long search for them.  Now,  we  
know  that  the magnetizationofmatteris duetocirculatingcurrentswithintheatomsof 
thematerials.Thiswasoriginallysuggested byAmpere,andwecall these circulatingcurrentsas 
'amperian' currentloops.Thesecurrents ariseduetoeithertheorbitalmotionof 
electronsintheatomsortheir spins.Thesecurrents,obviously,do notinvolvelargescalecharge 
transportinthemagneticmaterialsasinthecaseofconductioncurrents. 
 

Thesecurrentsarealsoknownasmagnetizationcurrents,and we shall relatethesecurrentsto 
themagnetizationvectorM. 
 
Letusconsideraslabofuniformlymagnetisedmaterial,asshownin 
Fig.5.5a.Itcontainsalargenumberofatomicmagneticdipoles(evenly 
distributedthroughoutitsvolume)allpointinginthesamedirection.If 

isthemagneticmomentofeachdipole,thenthemagnetisationMwillbetheproductof� 
andthenumberoforienteddipolesperunit volume. Youknow thatthedipolescanbeindicated 
bytinycurrent 
loops.Supposetheslabconsistsofmanytinyloops,asshowninFig.5.5b.Letusconsideranytinylo
opofareaa,asshowninFig.5.5c.IntermsofmagnetisationM,themagnitudeof dipolemoment 

�iswritten asfollows: 
 
� = ����                                                                                (5.1)      

 

wheredzisthethicknessoftheslab. 
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Fig.5.5:(a)Athinslabof uniformlymagnetizedmaterial,withthe 
dipolesindicatedby(b)and(c)tinycurrentloopsisequivalentto 
(d)aribbonofcurrent/flowingaroundtheboundary 

 

Ifthetinyloophasacirculatingcurrent I,thenthedipolemomentof thetinyloopisgivenby 

� = ��                                                                             (5.2) 

Equating(5.1)and(5.2)weget 
 

� =
1

��
��� = ���                                                           (5.3)

Herewehaveassumedthat thecurrentloopscorrespondingtomagnetic 
dipolesarelargeenoughso thatmagnetisationdoesnotvaryappreciably 
fromonelooptothenext,soEq.5.3showsthatthecurrentisthesame inallcurrentloopsof 
Fig.5.5b.Noticethatwithinthe slab,currents 
flowinginthevariousloopscancel,becauseeverytimeif thereisone goingin 
oneparticulardirection,thenacontinuousoneis goinginthe exactly oppositedirection. At the 
boundary of the slab, thereisno 
adjacentlooptodothecancelling.Hencethewholethingisequivalent tothesingleloopofcurrent 
I flowingaroundtheboundary,asshown inFig.5.5d.Therefore,thethinslabof 
magnetisedmaterialisequivalent 
toasingleloopcarryingthecurrentMdz,Hence,themagneticfieldat 
anypointexternaltotheslab,isthesameasthatofthecurrentMdz. 
 
In casethereisnon-uniformmagnetizationinthematerial,theatomic currentsinthe 
(amperian)circulatingcurrentloopsdonothavethesame magnitudeat allpointsinside 
thematerialand,obviously,they donot canceleach other out insidesuch a material.Still 
wewill find that magnetisedmatterisequivalenttoacurrentdistributionJ=curlM.Let 
usseehowwehavearrivedatthisrelation. 
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Inthenon-uniformlymagnetisedmaterialconsidertwolittleblocksofthevolume∆x ∆y 

∆z,cubicalinshapeadjacenttoeachotheralongthey-
axis(seeFig.5.6a).Letuscalltheseblocks'1'and'21respectively.Letthe  z -component ofM in 
these blocks be��(�) and��(� + ∆�)respectively. 
 

Lettheamperiancurrentscirculatingroundtheblock'1'be  I(1)and roundthe block'2'beI 

(2).UsingEq.(5.3)and referringto Fig.5.6awe write, 
 
��(1)= ��(�) �� 

and 
 
��(2)= ��(� + ∆�) �� 

 

 
 

Fig.5.6:Twoadjacentchunksofmagnetisedmaterial,witha larger arrowontheoneto 
therightin(a)andabovein(b),suggesting greatermagnetisationatthat point.Onthe 
surfacewheretheyjoin thereisa netcurrentinthex-direction. 

 
 

Atthe interfaceof thetwoblocks,there willbetwocontributionstothe totalcurrent: 
I(1)flowinginthenegative x-direction,produceddueto block1,and I (2)flowinginthepositivex-
directionproduceddueto Block2.Thetotalcurrentinthepositivex-directionisthesum: 

 
��(2)− ��(1)= [��(� + ∆�)− ��(�) ��] 

or 
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��� = +
���

��
∆�∆�                                                                    (5.4)    

Eq.(5.4)givesthenetmagnetizationcurrentinthematerialata pointin the x-
directionintermsofthez-componentofM.Thecurrentperunit area, i.e., current density Jm  

flowing in the x-direction is given as follows: 
 

(��)� = +
���

��

where∆�∆�istheareaofcross-sectionofonesuchblockforthecurrent 

∆��.Hence 
 

(��)� = +
���

��
                                                                           (5.5) 

Intheseequations,wehaveputsuffixes xtothecurrentstoindicate that,attheinterfaceof 
theblocks,thecurrentisalongthex-axis. 
 
 

If    the    magnetisationin    the    first    block    is 

�(� ,�,�)+
��

��
∆� + ���ℎ�� ����� ����� 

Thez -

componentofmagnetisationofthefirstblockintermsof��(�)iswrittenas

��∆�= ��(�) 

Similarly, thez -component of magnetisationof the second 
block neglectinghigh-ordertermswhich vanishin 
thelimitwhereeachblockbecomesverysmall,isgiven by 

��� +
��

��
�∆�= ��(2) 

 

Thereisanotherwayof obtainingthecurrentflowingin x-directionby 
consideringthesetwotinyblocks,oneabovetheother,alongthez-axis, 
asshowninFig.5.6b.Weobtaintherelationas 
 

(��)� = +
���

��
                                                                         (5.6) 

Bysuperimpositionofthesetwosituations,weget 

 

(��)� =
���

��
=
���

��
= (∇ × �)�                                        (5.7) 
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Eq.(5.7)isobviouslythe x-componentofavectorequationrelatingJm 

andthecurlofM.Combiningthiswithyandzcomponents,weobtain 
 

�� = ∇ × �                                                                               (5.8) 

Eq.(5.8)is a moregeneralexpressionrepresentingthe relationship 
betweenthemagnetisationand theequivalentcurrent.WeseefromEq. 

(5.8)thatinsideauniformlymagnetizedmaterialinwhichcaseM=constant;wehaveJm=0.This
istrue.SeeEq.(5.8),thecurrentisonlyat  thesurface  of   the  material  where  the  
magnetization  has  a discontinuity(droppingfromafiniteMtozero).Insidea non-uniformly 
magnetizedmaterialJmisnonzero. 
 

 

WeshallseeinthenextsectionthatJm,whichisintroducedtoexplain 

theoriginofmagnetisationinamaterial,ismadetomakeitsexitfromthe equation, and  only 
the conduction current density indicating the 
actualchargetransportandwhichisexperimentallymeasurableremains. 

 
3.3    TheAuxiliaryFieldH(MagneticIntensity) 
 
Sofarwe havebeenconsideringthatmagnetisationis dueto current 
associatedwithatomicmagneticmomentsandspinof theelectron.Such currents areknown 
as bound currents or 

magnetisationamperiacurrent.ThecurrentdensityJminEq.(5.8)istheboundcurrentsetupwit
hinthematerial.Supposeyouhavea pieceof magnetisedmaterial. What fielddoes this 
object produce? The answeris  that the field producedby thisobjectisjust 
thefieldproducedby theboundcurrents establishedinit. Supposewe wind acoil 
aroundthismagneticmaterial andsendthroughthiscoilacertaincurrent,I 
Thenthefieldproduced willbethesumof thefieldduetoboundcurrentsandthefielddueto 
current,I.The current I  isknown as thefree current because itis flowing through the coil 
and we can measure it  by connecting an 
ammeterinserieswiththecoil.(Incasethemagneticmaterialhappens 
tobeaconductor,thefreecurrentwillbethecurrentflowingthrough 
thematerialitself.)Rememberthatfreecurrentsare thosecausedby external voltage  
sources, while theinternal currents  ariseduetothe motion of  the electrons in the atoms. 
The currentis free, because someonehaspluggeda wireintoabatteryanditcanbestartedand 
stopped with  aswitch. Therefore, thetotal current density Jcan be writtenas: 
 

�= �� + ��                                                                             (5.9) 

where,Jfrepresentsthefreecurrentdensity. 
 

LetususeAmpere'slaw tofindthefield.Indifferential form,itis writtenas: 
 

∇ × � = ���                                                                                     (∗) 
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UsingEq.(5.9),Ampere'slawwouldthentaketheformasfollows: 
 
∇ × � = ��(�� + ��) 

Asmentionedearlier,wehavenowaytomeasuremJmexperimentally,butwehaveawaytoexpre
ssitintermsofameasurablequantity,the 
magnetizationvectorMthroughtheEq.(5.8).Wethenhave 
 

∇ × � = ��� 

or

∇ �
�

��
− ��

= ��                                                                           (5.10) 

Eq.(5.10)isthedifferentialequationforthefield�
�

��
− �� in terms 

Of its source Jf,the free current density. This vector is given a new 

symbolH,i.e., 
 
�

��
− � = �                                                                               (5.11) 

ThevectorHiscalledthemagnetic'intensity'vector,a namethatrightly 
belongstoB,but,forhistoricalreasons,hasbeengiventoH.UsingEq. 
(5.11),Eq.(5.10)becomes, 
 

∇ + � = ��                                                                                 (5.12) 

 

Inotherwords,HisrelatedtothefreecurrentinthewayBisrelatedto 
thetotalcurrent,boundplusfree.Thissurelyhasmadeyouthinkover the purposeof 
introducingthenewvectorfieldH.For practicalreasons thevectorHisveryusefulasitcan 
becalculatedfrom the knowledgeof 
externalcurrentonly,whereasBisrelatedtothetotalcurrent,whichis 
notknown.Eq.(5.12)canalsobewrittenintheintegralformas 
 

 

∫�.��= ��                                                                       (5.13) 

whereIfistheconductioncurrentthroughthesurfaceboundedbythe pathof thelineintegralon 

theleft.Herethe lineintegralofHisaround theclosedpath, whichmayormay not 

passthroughthematerial.This equation can  be used to  calculate H, even in  thepresence 

of  the magneticmaterial. 
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ACTIVITY1 
 
Fig.5.7showsapieceofironwoundbyacoilcarryingacurrentof5A. 
 

Findthevalueof∫�.��= ��aroundthepath(1),(2)and(3).Alsostateforwhichpath(s)B=HandB  

≠H. 
 

FromEq.(5.3), wesee thattheunitinwhichMismeasuredisamperes 
permeter.Eq.(5.11)showsthatthevectorHhastheunitsasM,hence H is  also measured in 
amperes per metre. The electrical engineers working with electromagnets, transformers, 
etc., call the unit of H ampereturnspermetre.Since'turns',whichis supposedtoimplythe 
numberofturnsinthecoilcarryingacurrent,isdimensionless,itneed notconfuseyou. 
 
MagneticPropertiesofSubstance 
 
In paramagneticanddiamagneticmaterials,themagnetisationis 
maintainedbythefield.Whenthefieldisremoved,Mdisappears.In fact,itisfoundthatMis 
proportionaltoB,providedthat thefieldisnot toostrong.Thus 
 

 

 
 

 

 

 

 

 

���                                                                                         (5.14) 

ItisconventionaltoexpressEq.(5.14)intermsofHinsteadofB.Thus wehave 
 

� = ���                                                                                (1.15) 

Theconstantofproportionality  ��iscalledthemagneticsusceptibility 
ofthematerial.Itisadimensionlessquantity,whichvariesfromone 
substancetoanother.Wecancharacterisethemagneticpropertiesofa substanceby 

��.Itisnegativefordiamagneticsubstancesandpositive forparamagnetic materials. 

Itsmagnitude isverysmallcompared to unity,thatis|��|<<1.Forvacuum  

��iszero,sinceMcanonlyexistinmagnetisedmatter.Wegivebelowashorttablegivingthevalue

sof ��fordiamagneticandparamagneticsubstancesatroom temperature. 
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We havenot givenatableforthe susceptibilitiesof ferromagnetic substances ��as depends 
not only on H  but also on  the previous mangetichistoryof thematerial. 

 
UsingEq.(5.11)intheform 

 
� = ��(� + �) 

wehave, 

� = ��(� + �)                                                                               (5.16) 

� = ����� 

∴   � = �� 

 

Where � = ���� = ��(1 + �) 

∴ �� =
�

��
 

�iscalledthe permeability of the medium and Km  is calledthe 

relativepermeability.Weseethat �hasthesamedimensionsas ��and Km  isdimensionless. In 

vacuum ��= 0 and  � = ��Relative permeabilityKm 

differsfromunitybyaverysmallamountasKm for para- and ferromagnetic materials are 

greater than unity and for diamagneticmaterialitislessthanunity. 

 
Themagneticpropertiesofamaterialarecompletelyspecifiedifany one of thethree 

quantities,magnetic susceptibility,��,relative permeabilityKmorpermeability �isknown. 

 

Example1 
Atoroidofaluminiumof,length1m,iscloselywoundby100turnsof 
wirecarryingasteadycurrentof1A.ThemagneticfieldBinthetoroid isfoundtobe1.2567×10 – 

4
Wbm–2.Find   (i)H,(ii) ��,andKm(iii)M 

inthetoroidand(iv)equivalentsurfacemagnetizationcurrent Im. 

 Material  

Paramagnetic 

Paramagnetic 

Paramagnetic 

Paramagnetic 

Diamagnetic 

Diamagnetic 

Diamagnetic 

Diamagnetic 

Aluminium 

Sodium 

Tungsten 

Oxygen 

Bismuth 

Copper 

Silver 

Gold 

2.1 105 
0.84 105 
7.6105 
190105 
-1.64105 
- 0.98105 
- 2.4105 
-3.5105 
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Solution 
 

(i)    AccordingtoEq.(5.13) 
 

��.��= ��  

To evaluate H produced by the current, we consider a circular 
integrationpathalongthetoroid.Hisconstanteverywherealongthis 
pathoflength1m.Thenumberof currentturnsthreadingthisintegration path is 100 ×1A. 
Since His everywhere paralleltothe circular integrationpath,weget 

 
H ×1m=100 ×1A 

or 
 

H  =
100 X1A

=100A/m 
1m 

 

(ii)     FromEq.(5.16) 
 

� = ����� 

or 
 

�� =
�

���
=
1256.7 × 10�

4� × 10�
×

1

100
= 1.00005 

and 
(1 + ��)= �� 

∴ �� =  �� − 1 = 1.00005− 1 = 5 × 10�� 

(iii)   FromEq.(5.15) 
 

� = ��� 

=5  ×10 – 5 
× 100Am

– 1 
=5×10 - 3Am

– 1
 

 
(iv) �� = �� =5 ×10 -1 Am-1

× 1� = 5�� 

Inthissolution,wehaveassumedB,HandMtobeuniformoverthe cross-
sectionofthetoroidandalongtheaxisof thetoroid. 
 

TrytodothefollowingSAE 
 
ACTIVITY2 
 
An air-core solenoid wound with 20 turns per centimetrecarries a 
currentof0.18A.FindHandBatthecentreofthesolenoid.Ifanironcoreofabsolutepermeabili
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ty 6findthevalueofHandB?103Hm
–1

isinsertedinthesolenoid, 
 

3.4    RelationshipbetweenBandHforMagneticMaterial 
 
ThespecificdependenceofMonBwillbetakenupin thissection.The 
relationshipbetweenMandBorequivalentlyarelationshipbetweenB andHdependon 
thenatureofthemagneticmaterial,andareusually obtainedfromexperiment. 

 

Aconvenientexperimentalarrangementis a toroidwithanymagnetic 
materialinitsinterior.Aroundthe toroid,twocoils(primaryand 
secondary)arewound,asshowninFig.5.8. 
 
Ifweconsidertheradiusofthecross-sectionofthetoroidalwindingsto 
besmallincomparisonwiththeradiusof thetoroiditself,themagnetic 
fieldwithinthetoroidcanbeconsideredto beapproximatelyuniform.A current passing 
through the primary coil establishesH.The establishmentof thecurrentin 
theprimarycoilinducesan electromotive force (emf).Bymeasuring the induced 
voltage,we candetermine changesinflux andhence,inBinsidethemagneticmaterial.Ifwe 
takeHastheindependent variable, andifwekeepthetrackofthe changesinB 
startingfromB=0,wecanalwaysknowwhatB isfora particular valueof H. In this way, we 
can obtain a B-Hcurve for differenttypesofmagneticmaterial. 

 

 
 

Fig.5.8ArrangementforinvestigatingtherelationbetweenBandM,orBandH,inamagnetic
material 

 
Theexperimentdescribedabovecanbecarriedoutfordiamagneticand 
paramagneticmaterialsbycommencingwithI=0andslowly increasingthevalueofI 
toobtainaseriesofvaluesofBandH.Aplot 
ofBagainstHforthesesubstancesisshownintheFig.5.9(a).Wesee thatthegraphisa 
straightlineasexpectedfromtherelation 
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� = ��(1 + ��)�                                                                     (5.16) 
 
 

 
 
 

Fig.5.9 Internalmagneticfield(B) versusappliedmagneticfield(H) 
fordifferenttypesofmagnetic materials, (a)Indiamagnetic and 
paramagneticmaterials,therelationshipis linear,(b) In ferromagneticmaterials,the 
relationshipdependsonthestrengthof the appliedfieldand onthe pasthistoryof 
thematerial,in(b),the fieldstrengthsalongtheverticalamaremuchgreaterthanalong 
thehorizontalaxis.Arrowsindicatethe directioninwhichthefields arechanged. 
 

where��and ��areconstants.Theslopeofthegraphisgivenby ��  

canbedeterminedusingthefollowingrelation: 
 

�� =
����

��
− 1 

For  diamagneticsubstances, slope < �0making �� < 0. For 
paramagneticmaterialsslope>��,sothat�� > 0. 

 

Ifintheexperimentgivenaboveweuseferromagneticmaterialslike iron,weobtainatypical    
B–HcurveasshowninFig.5.9(b). 
 
(i)   AtI=0,i.e.,whenH=0,Biszero.When I isincreased.Band 

Haredeterminedforincreasingvalues ofI.At first,Bincreases 
withHalongthecurve'a'.Atsomehighvalueof H,thecurve (shown by the dashed line 
in the figure)becomes   linear, indicatingthatMceasestoincrease,asthematerialhas 
reached saturationwithall thedomaindipolemomentsinthesame direction. 
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(ii)     If,afterreachingsaturation,wedecreasethecurrentin thecoilto bringHbackto 

zero,theE-Hcurvefallsalongthecurve'b'. When I 

reacheszero,thereisstillsomeBleft,implyingthat evenwhen 
I=0,thereisstillsomemagnetizationof M leftin the 
specimen.Thematerialispermanentlymagnetized.Thevalue 
ofBforH=0iscalledremanence. 

 
(iii)    Ifthecurrentisreversedintheprimarycoilandmadetoincrease itsvalue,theB- 

Hcurverunsalongthecurve'b' untilB becomes zeroata 
certainvalueofH.ThisvalueofHiscalledthecoercive force.If wecontinueto 
increasethevalueofthecurrentinthe negativedirection,thecurvecontinuesalong'b' 
untilsaturationis reachedagain. 

 
(iv)    Thecurrentisnowdecreaseduntilitbecomeszeroonceagain. 

ThiscorrespondstoH=0,butBisnotzeroandhave magnetizationin the 
oppositedirection. Herewe reverse the 
currentagain,sothatthecurrentinthecoilisoncemorealong thepositive  direction. 
With the increasing current in this direction, the curve continues along the curve 
'c' to meet the curve'b'atsaturation. 

 
Ifwealternatethecurrentbetweenlargepositiveandnegativevalues, theB-
Hcurvegoesbackandforthalong'b'and'c'inacycle.This 
cyclecurveiscalledhysteresiscurve.ItshowsthatB isnotasingle valuedfunctionof H, 
butdependsontheprevioustreatmentofthe material. 
 
Theshapeofthehysteresisloopvariesverywidelyfromonesubstance to another.Those 
substances, like steel, alnico, etc., fromwhich permanentmagnetsaremade,havea 
verywidehysteresisloopwitha large value of the coercive force (see Fig. 5.10). However, 
thosesubstances,likesoftiron,permalloy,etc.,from whichelectromagnets 
(temporarymagnet)aremade,shouldhavelargeremanencebut very 
smallcoerciveforce.Thoseferromagneticmaterials,whichareusedin thecoresof 
transformers,likeiron-silicon(0.8-4.8%)alloys,havevery narrowhysteresisloop. 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
Fig.5.10The hysteresiscurvesforafewmaterials.Curves(a)and 

(b)arerespectivelyforspecimenofsoft-ironandsteelmaterials 
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3.5    MagneticCircuits 
 
Amagneticcircuitistheclosedpath taken by themagneticfluxsetupin an electricmachine or 
apparatus by a magnetizing force.(The 
magnetisingforcemaybeduetoacurrentcoilorapermanentmagnet.) 
 
In orderto studytheresemblancebetweena magneticcircuitandan 
electriccircuit,wewilldeveloparelationcorrespondingtoOhm'slaw, 
foramagneticcircuit.Letusconsiderthecase of an ironring(Fig.5.11) 
magnetisedbyacurrentflowingthroughacoilwoundcloselyoverit. 
 
Suppose: 
 

I   =currentflowinginthecoil 
 
N =numberofturnsinthecoil 
 

l =lengthofthemagneticcircuit(meancircumferenceof thering) 
 
A  =areaofcross-sectionofthering 
 
�=permeabilityofiron. 

 

 

Inthis case,all themagneticfluxproducedisconfinedto theironring withverylittleleakage(we 
shallseethereasonforthis later).Wehave seenearlierthatHinsidetheringisgivenby 

 
Fig.5.11Magneticcircuit 

 

 

∫�.��= ��                                          (From Ampere’s law)

 

where,thepathof integrationisalongtheaxisofthering.Astheline integralof 
electricfieldEoveracircuitalpathistheelectromotiveforce (e.m.f),by 
analogy,thelineintegralof Histermedasmagnetomotiveforce(M.M.F.) 
 

 

�.�.� = ��.��= �� 

 

Ateverypointalongthispathinthering,wewrite 
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� =
�

�
 

Further,if  ϕisthemagneticfluxgivenby ϕ =BA,then � =
�

��
, hence 

 

�.�.� = ��.��= ϕ�
dI

��
= NI                                    (5.19) 

wherewehavetaken ϕoutsidethe integralas itis constantatallcross- sectionsof 
thering.Eq.(5.19)remindsusof a similarequationforan 
electriccircuitcontainingasourceofE.M.F.,namely, 
 
 

�.�.� = �������× ����������= � �
���

�
                    (5.20) 

TheEqs.(5.19)and(5.20)suggestthat: 
 

 

(i)      The magnetomotiveforce (H .dl) is analogous with e.m.f. (E .dl). 

 

(ii)     Themagneticflux �isanalogouswithcurrentI inOhm'slaw, 
 

(iii)    The magnetic resistanceknown as reluctance�∫
���

��
� is analougous

withelectricresistance�∫
���

�
� 



∴ M.M.F.=flux × reluctance 

 

or 

Totalflux����� ���� � =
�.�.�

����������
=

��
���

��

                  (5.21) 

Ifwetake �tobeconstantthroughouttheringthen 
 

Reluctanceℛ = ∫
��

�
=

�

��
                                                                   (5.22) 

whereL isthelength  ofthering.However, wemustrecognisethe 
significantdifferencebetweenan electriccircuitandamagneticcircuit: 
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(i)    Energyiscontinuouslybeingdissipatedintheresistanceofthe electriccircuit,whereasno 

energyislostinthereluctanceof the magneticcircuit. 
(ii)     Theelectriccurrentisatrueflowoftheelectronsbutthereisnoflowofsuch 

particleinamagneticflux. 

 
(iii)     At a given temperature, the resistivity �is independent of 

current,whilethecorrespondingquantity 
�

�
inreluctancevarieswithmagneticflux  � . 

 
ReluctancesinSeries 

 
Letus assume thatthetoroidismadeofmorethan oneferromagnetic material,eachof 
whichisofthesamecross-sectionalareaA,butwith differentpermeabilities��, ��,… 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.5.12(a)Amagneticcircuitcomposedof severalmaterials: Reluctancesinseries,(b) 
Magneticcircuitconsistingoftwoloops: Reluctancesinparallel. 

 
Then,(seeFig.5.12a)asbefore,wehave 

 

 

�� = ��.�� 

= � �.��
�

+ � �.��
�

+ ⋯ 

where the integrals on the right are taken over axial paths in the 
materials1,2,....Therefore, 

 

�.�.� = �
ϕ
����

�� + �
ϕ
����

�� + ⋯ 

�.�.� = �
dI
����

+ �
dI
����
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= ϕ �
�1

�
1
�
+

�2

�
2
�
+ ⋯ � 

= ϕ(ℛ1 + ℛ2 + ℛ3)= ϕℛ 

sothatthetotalreluctanceofthegivenmagneticcircuitisgivenby 
 

ℛ = ℛ� + ℛ� + ℛ� + ⋯                                                     (5.23) 

ReluctancesinParallel 
 
Weshallnextillustratethecaseof amagneticcircuitin whichthe 
reluctancesareinparallel.Fig.5.12bshowssucha magneticcircuit.The 
currentcarryingcoilshaveNturnseach,carryingacurrent Iamperes. 
 

Themagneticflux ϕthreadingthecoilsplitsintotwopathswithfluxesϕ�and 

ϕ�asshowninthefigure.Obviously,ϕ = ϕ� + ϕ�.Weassumethattheareaofcross-

sectionAisconstanteverywhereinthecircuit. 

 
LetthelengthsofthepathsABCD,DAandDEFAshowninthefigurebeL,L1,andL2respectively.
ForthepathABCDA,wehave 
 

�� = �
ϕ

�
1
�����

�� + �
ϕ

�
2
���

�� 

 

=
ϕ

��
� +

ϕ

�
1
�
�1                                                                             (5.24) 

SimilarlyfortheclosedpathADEFA, wehave 
 

0 = �
ϕ

��
��+ �

ϕ

��
��

������

                                                   (2.25) 

Notice thatwehave used   �1   and �2    for the paths AD andDEFA. 

As   ’s beingdifferent for these paths, H would be different. This 

makes  �’sdifferentinthesepaths.Usingϕ = ϕ� + ϕ�and equation (1.25)  
wewrite 

 

ϕ = ϕ� + ϕ�

��

��

��
��

 

= ϕ� �1 +
��
��

��
��
�


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Substitutingthevalueof  ϕ�fromtheaboveequationintheEq.(5.24), wehave 

 

�� =
ϕ

��
� +  ϕ �

�1

�1�
.
�2

�2�

�1

�1�
.
�2

�2�

� 

�� 

�� =  ϕ �ℛ +
ℛ�ℛ�

ℛ�ℛ�

� 

This shows that the  reluctances of  the paths DA and DEFA are in 

parallelasthemagneticflux ϕsplitsinto  ϕ1 and  ϕ2  alongthesepaths respectively. 

Thecombined reluctance ℛofthesepathsisgiven,in termsofthereluctances ℛ1 

andℛ2ofthesepaths,asfollows: 
 

1

ℛ
=

1

ℛ�

+
1

ℛ�

 

NoticethattheEq.(5.24),(5.25)andϕ = ϕ� + ϕ� Kirchhoff'slawsformagneticcircuits. 

 

Nowweseewhythemagneticfluxdoesnotleakthroughtheair.Air 
formsaparallelpathfortheflux,forair,  � = ��andforaferromagneticMaterial� ≈ 104;hence 
the air path isa very high reluctance pathcomparedto 
thatthroughtheferromagneticmaterial.Themagneticflux 
willfollowthepathofleastreluctance,a situationsimilartothat inthe electriccircuit. 

 
Themagneticcircuitformulaeareusedby the electricalengineersin calculations relating 
to electromagnets, motors and dynamos. The problemisusuallytofindthe numberof 
turnsandthe currentinthe 
windingofacoil,whichisrequiredtoproduceacertainfluxdensityin theair gapof 
anelectromagnet.Knowingthereluctanceof thecircuit, 
M.M.F.iscalculatedfromtherelation: 
 
M.M.F.=flux × reluctance 
 
SinceM.M.F.isalsoNI(seeEq.(5.19)),the magnitudeof ampereturns 
canbecalculated.Letusillustrateitbystudyingthemagneticcircuitof anelectromagnet. 

 
MagneticCircuitofanElectromagnet 
 
Themagneticcircuitofanelectromagnetconsistsoftheyokewhich 

formsthebaseofthemagnet,thelimbsonwhichthecoiliswound,thepolepiecesandtheairgap

.SeeFig.5.13.Letl1betheeffectivelengthandatheareaofcross-sectionoftheyoke.If �1  
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isthepermeabilityofitsiron,then
��

����
isthereluctanceoftheyoke.Similarlythereluctance 

ofeachlimbis
��

����
 

andthereluctanceofeachpolepieceis
��

����
,whilethereluctanceoftheairgapis

��

����
(because 

).Hencethetotalreluctanceofthemagneticcircuitis���� ≈ 0  

 
��

����
+

2��
����

+
2��
����

+
��

����
 

 
Fig.5.13Magneticcircuitofanelectromagnet. 

 
Ifthemagneticcircuitcarriesoneandthesameflux acrossallits 
parts,thenaccordingtoEq.(5.19),thenumberof ampereturnsis: 

 

ϕ�
��

����
+

2��
����

+
2��
����

+
��

����
�                                           (5.25)


Letustakeanotherexampleof calculatingthemagneticfieldBintheair gap of  a toroid of Fig. 
5.14. Herethe toroid is of a ferromagnetic material(softiron)witha smallairgapofwidth'd' 
whichissmall comparedtothelengthLofthetoroid.Forthiscase,wehave 

 
 

�� = ϕ �
(���)

��
+

�

���
� ,ϕbeingthe fluxthrough thismagneticcircuit. 

 

 

=
�

���
[��(� − �)+ ��] 

�� 

� =
����

0

�
0
� + �� − �

0
��
                                                                            (5.29) 
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Thisis thevalue of themagneticfieldin the air gap.Readthefollowing 
examplewhichshowshowthe air gapeffectivelyincreasesthe lengthof thetoroid. 
 

 
Fig.5.14:Magneticfieldintheairgap 

 
Example2 
 
Comparetheexamplesofacompletetoroidoflength L woundwitha 
coilofNturnseachcarryingacurrent I  amperesandofatoroidoflength(L - d) 
withanairgapoflengthd(d<< �). 

Showthattheairgapeffectivelyincreasesthelengthofthetoroidby(�� − 1)�,where 
the��relativepermeability. 
 
Solution 
 
In the case of a complete toroid without the air gap, we have 

� = �� �
�

�
�� .Intheeventofanairgapoflength d,wehavefromEq.(5.29): 

 
 

� =
����

0

�
0
� + �� − �

0
��

 

Dividingboththenumeratorandthedenominatorby  � �� , weget 
 

� =
��

�

�
+ �

�

�0
−

�

�
�
=

��

�

�
�(� − �)+

�

�0
�
 

 

=
��

�

�
�(� − �)+

�

�0
�
=

��
�

�
[(� − �)+ ���]
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sothat 

=
��

1

�
[� + (�� − 1)�]

 
 

Ifwecomparethisformulawiththatforthecompletetoroid,weseethat 
Liseffectivelyincreasedby(�� − 1)�. 

 

BeforeendingthisunitsolvethefollowingSAQ. 
 

ACTIVITY3 
 

Asoftironringwitha1.0cmairgapiswoundwithacoilof500turns 
andcarriesacurrentof2A.Themeanlengthofironringis50cm,itscross-

sectionis6cm2,itspermeabilityis2500��.Calculatethemagnetic 
inductionintheairgap.FindalsoBandHintheironring. 
Letusnowsumupwhatwehavelearntinthisunit. 

 
4.0    CONCLUSION 
 
Inthisunit,wehaveexplained theterms, ferromagnetism, amperiancurrent,Magnetisation,M, 
Magneticintensity,H, susceptibility, permeabilityetc.An 
analogyhasbeenderivedformagneticcircuitfrom Ohm’slaw.Inaddition,we 
havelearntabouttheinter-relationship between,M,Handotherquantities. 
 

 

5.0    SUMMARY 
 
Thebehaviouroftheferromagneticmaterialsiscomplicatedonaccount 
ofthepermanentmagnetizationandthephenomenonof hysteresis.This behaviouris explained 
by the presenceof the domains in these materials. In each domain thedipole moments 
arelocked toremain paralleldueto'exchange'force.However,in the unmagnetisedstate,the 
magnetisationdirectionsof differentdomainsarerandom,resultingina zeronetmagnetisation. 
Therealsoexisttwootherkindsofmagnetic materials:antiferromagneticandferrimagnetic. 
 

Fornon-uniform magnetisation, magnetisedmatterisequivalenttoa 
currentdistribution�= ∇ × �,whereMismagnetisationormagnetic 
moment per unit volume. 
 

ThemagneticfieldproducedbythemagnetisedmaterialisobtainedbyAmpere'slawasfollow
s: 

 

∇ × � = �� + �� 

WhereJfisthefreecurrentdensitywhichflowsthroughthematerial 

andJmis  the  bound  current  density  which  is  associated  with 

magnetisation.Thisgiveswhere 
  

 



PHY 204       ELECTROMAGNETISM 

106 

 

∇ × �
�

��
− �� = ��

. 

where 
 

� = �
�

��
− �� �� � ��� ����� ������.

 

Forparamagnetismand diamagnetismB, MandHare linearlyrelatedto 
eachother,butforferromagneticmaterialswhichexhibithysteresis,a non-linearbehaviour. 

 
Thestudyof theelectromagnets,motorsanddynamosinvolvesthe 
problemofcurrentcarrying coilscontaining ferromagnetic materials, 
i.e.,itinvolvesthestudyofmagneticcircuits.Wespeakof themagnetic circuits whenall 
themagneticfluxpresentis confinedto aratherwell- definedpathorpaths. 
 

Themagneticcircuitformulais: 
magnetomotiveforce(M.M.F.)=flux xreluctance 

 
M.M.F.isalsoequalto NIwhere N isthenumberofturnsofthecoil 
woundoverthemagneticmaterialand I thecurrentflowingthrough eachcoil. 
 

Reluctanceℛ =
�

��

wherel,aand � arethelength,areaofcross-sectionandpermeability of  the material. 

Additions of reluctances obeythe same rules as additionsofresistances. 
 
6.0    TUTOR-MARKEDASSIGNMENT 
 
1. explain ferromagnetism and relative permeability. 

 
2. FindthemagnetizingfieldHandthemagneticfluxdensityBat(a)apoint 

105mmfromalongstraightwirecarryingacurrentof15Aand(b)thecentreofa2000-

turnsolenoidwhichis0.24mlongandbearsacurrentof1.6A.(�� =4� × 10��H/m). 

 

3. A toroid of mean circumference 0.5 m has 500 turns, each carryinga 
currentof0.15A.(a)FindHandBifthetoroidhasanaircore,(b)FindBandthemagnetizatio
nMifthecoreisfilled withironofrelativepermeability5000. 
 

4.      Atoroidwith1500turnsiswoundonanironring360mm2 in cross-sectionalarea,of0.75-
mmeancircumferenceandof 1500 relativepermeability.If the 
windingscarry0.24A,find(a)the magnetizingfieldH(b) them.m.f.,(c) 
themagneticinductionB, (d)themagneticflux,and(e)thereluctanceofthecircuit. 
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SOLUTIONSANDANSWERS 

UNIT1 

ACTIVITIES 
(1)     Pleaseseetext. 

 
(2)     Thedipolemomentpermolecule=p 

 

 

Thenumberofmoleculesperunitvolume=n 

 
Thedipolemomentperunitvolume=np 

 
Bydefinition,thedipolemomentperunitvolume=PolarisationP ∴

 P=np 

(3)     ThedielectricconstantKisgivenby 
 

K =
E

E�
 

withoutthedielectrictheelectricfieldwouldbe 
 

E� =
�

���
=

1.0 × 10���

(8.85× 10����������)(100× 10����)
 

 

= 1.13× 10���� 

 

 Dielectric constant=
1.13×106Vm−2

3.33×105Vm−2
 

  

Thesurfacechargedensityontheplateis 

 
�

�
=
1.0 × 10���

100��
= 1.0 × 10������

 
(4)     FromEq.(1.12) 

 

∇.� = �� 

 
(i)      weknowthat 

 

 � = ��� + � 
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PuttingthevalueofDinEq.(i) 
 
� = ��� + � =  �� 

 

WhenP=0,theaboveequationbecomes 
 

∇.��� = �� 

 
Eq.(1.11)is 

 

��∇.��� =  �� ��  

 

whentheaboveequationreducesto 
 

��∇.��� =  �� 

or

∇.� =
 ��

��
 

(iii)    Eq.(ii)andEq.(iii)arethesame.Henceprovetheresult. 

 

 

(5)     (i)      Thecapacitanceis 
 

� = �
�

�
 

Before,calculatingthecapacitance,wewillcalculatethepermittivityof thedielectric 
asfollows: 

 

�= ���� 
 

= (6.0)(8.85) x 10-12 Farad/m 
 
= 5.31 x 10-11 Farad/m
 

Thus, 

� = �
�

�
= (5.31 × 10���Farad/m) 

    = 1.71× 10���Farad 
 
 

(ii)     Weknowthat 

 

Q = CV 

= (1.71 x 10-11 Farad)(10V) 
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= 1.71 x 10-10C 
 

(iii)    Thedielectricdisplacementiscalculatedasfollows: 
 

� = �� = �
�

�
=
(5.31× 10��������/�)(10V)

2 × 10���
 

=2.655 x 10-7Cm-2

 

(iv)    Thepolarisationis 

� = � − ��� = � − ��
�

�
 

= 2.26 x 10-7 

��� −
(8.88× 10��������/�)(10V)

2 × 10���
 

 

(6)     Let be the chargedensityon the surface of the plates. 
Considering each plate as aninfinite plane sheetcharge, the 

intensityatapointbetweenthemduetopositivelychargedplate � 2��⁄
 

Theintensityatthepointduetothenegativelychargedplateisalso=� 2��⁄ actinginthesamedirecti
on.Hencetheresultantintensityatthepointis 

 
�

2��
+

�

2��
=

�

��
 

 
SinceE=50N/Cand �� = 8.854 x 10-12 Farad/m2 

 
�

��
= 50 

� = �� × 50 = 8.854 x 10-12 x 50 

= 442.7× 10������� 

Totalchargeoneachplate 

 

= ���  x Areaofeachplate 

=  442.7× 10��� × 1 

= 442.7× 10���� 

 
(7)     FromEq.(1.21) wehave 
 

 

E .dl  =0 

Fromvectoranalysiswehave 
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∮ �.�� = ∫ (∇ × �).�dS
�������

= − ∫ ∇.(� × �) dS 

= 0 

 

For∫∇.(� × �) dStobezero,theintegrand∇.(� × �)hastobetozero. 
 

Again,inasmuchas∇.(� × �)representsaspacederivativeoperation

wecanset(� × �)tobeeitheraconstantorzero.Ifwesetn x E = 0  

thenatrivialresultfollows.Soitisbettertochoose 
 

n  xE=aconstant 
 
ApplyingthistoFig.1.11,weget 

 

n  xE1 = n  xE2 

 
whichisEq.(1.23a). 

 
(8)     TheintegralfromofGauss'lawindielectricsis 

 

∫ D.dS
�������

=totalfreechargeenclosed 

 

(RefertotheFig.1.10) 

 

(�.��� − �.���)�� = ���� 

where��isthesurfacechargedensityontheinterfacebetweenthe 

dielectricsandntheunitvectoralongtheoutwarddrawnnormaltothe 
surface� �� and � ��arethenormalcomponentsofthedisplacement 

vectorinmedia2and1respectively. 
 

When�=0,weget�.� �� − �.� �� 
 

Now��� = �1��1 ��� ��� = �2��2 

 

∴ � = �� 

∴ ���.��� = ���.��� 

�� 

�.���

�.���

=
��
��

 

 

ThuswefindthatthenormalcomponentofEisdiscontinuous. 
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UNIT2        SOLUTION&ANSWERS ACTIVITIES 

(1)     Thepotentialdifference(V)betweentheplatesisnotchanged. 
Buttheelectricfieldbetweentheplatesis  V/ (d/2) = 2(V/d)= twicethevalueofthe 
electricfieldE.Thedoublingoftheelectric fielddoublesthechargeoneachplate.Therefore, C 
= Q/V also doubles.Thusifwehalvethedistanceofseparationbetweenthe 
plates,thecapacitancedoubles. 
 
(2)     Weknowthat 

C = Q/V 

C =1000 �F 
 

=0.001F 
and 

V   =24V 
 
Q   =CV = 0.001x 1024C=0.024C 

 

(3)     Theenergystoredinacapacitoris 
 

� =
1

2
�ϕ� 

Itcanbewritten 
 

W= �
�
� ϕ x ϕ 

 
(i)      Weknowthat 

 
Q =C ϕ 

 

 

(ii)     UsingEq.(ii)inEq.(i),weget 
 

W  =�
�

 Qϕ 

Henceprove,theresult. 
 
(4) � = ��� �⁄  

 

Here, �� = 8.85 × 10��� � �⁄ ,� = 4 × 10����,� = 10�� 
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Therefore, 
 

� =
8.85× 10��� × 4 × 10���

10��
= 3.54× 10����

 
HereCisthechargethatraisesthepotentialbyunityorthecharge 
holdingcapacity. 

 
(5)     Wehave 

 

�� =
�������.���ℎ ���������� ������� ������

�������.���ℎ� ���� ����� ������� ������
 

Here ��=3.Thusthecapacitanceofthecapacitorwillgettrebled 

whenthedielectric(��=3)isfilledupinalltheairspace. 
 
Nowadielectricmaterialisintroduced.Letitsthicknessbet.The 
capacityofthecapacitanceis 

 

���� =
���

�
,�����������=

���

(� − � + � ��⁄ )
 

 

�����������
����

=
[�0�/(� − � − ��)] × �

�0�
 

=
�

� − � + � ��⁄
 

 

Here t=
3

4
d and �� = 3 

 

Therefore, 

 

� − � + � ��⁄ = � −
3

4
d +

3d

4 × 3
=
d

2
 

 

Therefore 

�����������
����

=
�

�
2�
= 2 

Thatis,thecapacitancewillgetdoubled. 

 
(6) �� = 2����� ��(10 8⁄ )⁄  
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And 

�� = 2��0�� ��(5 4⁄ )⁄  

 

�1

��
=

��(5 4⁄ )

��(10 5⁄ )
= 0

 
or 

 
C1 = C2 

 
(7)     When the capacitor are connected in series,the equivalent is givenby 

 

1

��
=

1

0.05
+

1

0.02
+

1

0.1
+

1

0.05
 

 
CT =0.01 �F 

 
Q =CTV 

 
=220 x 0.01 x 10

-6 

=2.2 x 10-6 C 
 

�� =
�

��
=

2.2 × 10��

0.05× 10��
= 44v 

�� =
�

��
=

2.2 × 10��

0.02× 10��
= 110v 

�� =
�

��
=

2.2 × 10��

0.01× 10��
= 220v 

 

(8)     ThearrangementisshowninFig.2.20.Let C4 betheeffective 

 

capacitanceofC1 andC2.Usingserieslawofcapacitors 
 

1

��
=

1

��
+

1

��
 

or 

�� =
�1�2

�1 + �2
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Thiscapacitance C4  thenaddstoC3 togivethetotalcapacitanceCof combinationi.e., 
 

C  =C4   +C3 

 
or 

 

� = �� +
����

�� + ��
 

 

 

 

 

Fig.2.20 

 

 

 

UNIT3                 SOLUTIONS/ANSWERS 
 
ACTIVITIES 
 
(1)     Weidentifypairsofdipolesequidistant fromthecentre, from 
Unit3,weknowthatthedipolefieldfallsoffwithdistanceas 
1/r2.Sinceequidistantpairshavedirectionsofpoppositetoone 
another,theoverallfieldatthecentreduetothepairiszero.This 
isthecaseforeveryotherpair.HenceEin=0. 

 
(2)     AccordingtointegralformofGauss'slaw 

 

E .nds = 
�

��
�� 

Therefore, 
 

�4��� =
1

��

4

3
��� 

 
or 
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� =
1

3��
� 

 

inthevectorform 
 

�(�)= (�)� 3⁄ �� 

 

(3) ����= � +
�

���
= � +

��(����)�

���
 

 

=
3� + (�� + 1)�

3��
 

 

= (�� + 1)� 3⁄  

 

UNIT4        SOLUTIONSANDANSWERS 

ACTIVITES 

1(a)   PotentialenergyUof themagneticdipoleisgivenby therelation:  
U = �.� whereµisthedipolemomentandBisthemagnetic field. 

 
SinceUisexpressedinJoulesandBinTesla,theaboverelation 
givestheunitofmagneticdipolemomentasJT -1. 

 

 

(b)   FromEq.(11.4), 13 
�

��
�

 

� =
��

��
(becauseangularmomentumofelectronisquantized) 

wherenisaninteger. 

 
Hence minimum allowed magnitude of dipole moment is given by 
puttingn=1,asfollows: 

 
 

���� =
�

2�

ℎ

2�
=

1.602 × 10−19�

2(9.109× 10−31��)
×
6062× 10−34

2�
 

or 

 

���� = 9.27× 10−24�����−1 

= 9.27× 10−24JT-1 

theBohrmagnetonisgivenby 
��

���
= 9.27× 10���JT

-1 
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2.   (a)          g=1(ii)g =2 
 

(b)         Eq.(4.5)is � =
�

�
� 

 
 

hence 

 

9.27× 10−24��� =
1.6 × 10−19�

9.1 × 10−31��
× � 

 
 

sothat 
 

 
31                                       24          2

 

� =
9.1 × 10−31�� × 9.27× 10−24���

1.6 × 10−19�
 

 

=
9.1 × 9.27

1.6
× 10−36

�����

�
 

 

= 52.72 × 10−34�� 

 

= 0.5272× 10−34�� 

 

Butthespinangularmomentumis 
ℏ

�,therefore, 
 

ℏ

2
=

ℎ

2�
= 0.5272× 10−34�� 

or 

ℎ = 4 × 3.142× 0.5272× 10−34�� 

 

= 4 × 3.142× 0.5272× 10−34�� 
 

whichisindeedthevalueofPlanck’sconstant. 
 

3. (a) Copperisslightlydiamagnetic.Bismuth,Silver- 
diamagnetic,Aluminium&Sodium–paramagnetic 

  

(b) 
 

No.Sincethe diamagneticmaterialischaracterisedby the 
absenceof intrinsicmagneticdipolesandparamagnetic 
substanceshavemagneticdipoles,thealloyof these 
materialswill bethematerial with intrinsicmagnetic 
dipoles.Sucha materialwillexhibitthepropertyof 
paramagnetismwhichmasksthediamagnetismof both 
componentsofthealloy. 
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4.       Wehavetheformula 
 

 

�� = �
�

2�
� 

 
but 

2��� = ��  
hence 

 
 
 

2��� = 2 × 4.14× 42× 10���� = 263.93× 10���� 

Forproton,  
 

2�

�
=
2 × 1860× 9.1 × 10���

1.6 × 10−19
����� 

 

=21.15 x 10-9 ����� 
 

Given,  �
�
= 1������ 

 
Usingthisaboveweobtaing=5.584,whichistheprotong-factor. 

 
 

5. (a) ∫Xe��dx=
����

�
− ∫

���

�
dx integrated by parts 

 

=
Xeax

�
−
1

�

eax

�
=
Xeax

�
−
eax

�2
 

 

Hence, ∫ Xeax
��

��
= �

Xeax

�
�
��

��

− �
�

�2
eax�

��

��

=
�

�2
(��� + ���)−

�

�
(��� + ���) 

 

6. We have cot � =
������

������
 

�� = 1 + � +
�2

�!
+

�3

�!
+…and  ��� = 1 − � +

�2

�!
−

�3

�!
+… 

Hence, 

�� + ��� = 2�1 + � +
�2

2!
+
�3

4!
+ ⋯� ≈ 2�1 +

�2

2!
� 

 

�� + ��� = 2�� +
�3

3!
+ ⋯� ≈ 2� �1 +

�2

3!
� 
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sothat 

���� =
1 +

��

�

a�1 +
��

�
�
≈
1

�
�1 +

�2

3
��1 −

��

6
� 

=
1

�
�1 +

�2

3
+
�4

12
� ≈

1

�
+
�

3
 

Therefore, 

cot� −
1

�
=
�

3
 ��� � = ���/3 

 

UNIT5        SOLUTIONSANDANSWERS 

ACTIVITIES 

1.       Path(1)enclosesI =5A 
 

 

∴ ��.�� = � = 5� 

 
Forpath(2) ∫�.�� = 7I=35A 

 
Forpath(3) ∫�.�� = 2I=10A 

B=Hforpath(1) 
 

B  ≠Hforpaths(2)and(3)becausethesepathspassthroughiron. 
 

2.       H = nI  =(2000m - 1)(0.18 A)=360Am
-1

 
 

 

B   =��H (4 � x 10 - 7H/m)(360Am - 1) = 0.45mT 

 
Ifanironcoreofabsolutepermeability6 x 10 - 3H/misinsertedin 
thesolenoid,thenHremainsunchanged,i.e., 

 

H  =360Am
-1    

(unchanged) 
 

and 
 

B  =�H =6 x 10 -3 H/m)(360Am - 1) = 2.16T 

 

 
 



PHY 204       ELECTROMAGNETISM 

120 

 

3.       Theexpressionforthemagneticinductionintheairgapis 
 

 

� =
���

[� + (�� − 1)�]
 

 

Substitutingthevaluesgiveninthequestion,weget 

 

� =
500× 2 × 2500× 4� × 10��

0.50+ (2500− 1)0.01
 

 

=
10� × 10� × � × 10��

0.50+ 25
=

�

25
= 0.123����� 

  

Bintheironringhasthesamevalueasinair,butHinironisgivenby 

 

� =
�

����
 

 

or 

H=0.123/2500 x 4� × 10�� 

=39.1 Am–1 

 


