B. Sc. Physics (H.R.K) Chapter 31: Capacitors and Dieledtrs

CAPACITORS AND DIELECTRICS

31.1 Capacitor

Capacitor is a device winch is used to store chakgsimple capacitor consists of
two conductors which are separated a small distambere may be vacuum or some
dielectric medium between the conductors of a dapac

When the plates of a capacitor are connected Wéligrminals of the battery of emf
V, then the charge q is stored in the capacitois Tharge stored is directly proportional to
the potential difference applied between the plates

q xV

q=CV

Here C is constant of proportionality, called thepacitance of a capacitor. The
capacitance of a capacitor is its ability to stelectrical.charge. The Sl unit of capacitance is
farad which can be defined as “If one coulomb.ddrgle given to the plates to produce a
potential difference of one volt, then capacitaotthe capacitor is one farad”.
31.1.1 Electric Field between the Plates of Capaoit

Let the two plates of a capacitorwhich are sepdrhy a distance d. Suppose that the

length of plate is very large as compared to tlstadce between the plates. So, E inside the
plates of a capacitor is uniform.-We want to find the expression of electric field between
the plates of capacitor. For this we consider a $ltaped Gaussian surface as shown in the
figure. Then by Gauss’s law

jglz.dA=i
€o

Where A area of the side of Gaussian surface thirougch the flux is passing, while dA is

its infinitesimal element.

7€E dA cos0° = 4

€o
Ejg aa =21
€o
A=
€0
-4 _9°

The equation is expression of electric field intgngside the plates of capacitor.
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31.1.2 Potential Difference

The potential difference between the plates of gddicapacitor is
f
Ve—= Vi = —fE.ds
i
where the integral is taken over the path whichtsfaom the positive plate and terminate on
negative plate. For the present case, E and da aesne direction
f f

Ve— Vi = —jEdscosO°=—Ejds

i i
=—FEd @ e (2)
If the initial plate is positively charged and fifqate in negatively charge, then
Ve=Vi=-V

Putting value in eq. (2), we get

V=Ed

The electric field E’ between the plates of capacitor is the sum offigld due to
both plates, therefore

E=E, +E_
whereE, is the electric field due to the positive plateddn is the electric field due to
negative plate. By Gauss'’s law, and E_ both are directly proportional tg" so from

equation (1),V’ is also proportional toq’. Therefore,

q
— = constant
%4

This ratio of% is called the capacitance.

31.1.3 Capacitance of Parallel Plate Capacitor
Consider a parallel plate capacitor. The size

the plate is very large and the distance between

s
+
+
+
+
+

plates is very small, so the electric field betwdlea
plates is uniform. \ E
Ill::ll :‘::- tween
plates Electric
The electric field E’ between the parallel plate vire
capacitor is ooeeeh
-
— L _________________ [ -
E ey 4) : Y
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Moreover, the potential difference between the |rplate capacitor is related to the
electric field is
V=Ed

v
=F = -
d

Putting this value in equation (4), we get

V_ a4
d Ag
q ASO q :
- @ —=— ~ == ( (capacitance
V= a , = C (cap )
&
= (==
d

This is the expression for capacitance of a pdra”
plate capacitor with the free space as the medieinvden the

plates. When any dielectric medium having the diele
constantk,’ is placed between the plates of the parallelepl:

capacitor, then the capacitance of parallel plafgcitor will

become
_ A EoKe ’
C=—= X (5) S NI
The equation (5) describes that the capacitanceapécitor -

depends on the geometry of capacitor and mediunveeet
the plates.
31.1.4 Capacitance of Cylindrical Capacitor
Consider a‘cylindrical capacitor of length L, fomnay two coaxial cylinders of radii
‘a’ and ‘b’. Supposd. >> b, such that there is no fringing field at the enflsylinders. Let
‘q’ is the charge stored in the capacitor anrdis :
the potential difference between the plates. T (\ -
inner- cylinder is positively charged while th
outer cylinder is negatively charged. » ‘ a
We want to find out the expression ¢
capacitance for the cylindrical capacitor. For tF  /
we consider a cylindrical Gaussian surface ‘;""i;"f"
radius r’ such thata < r < b. o
If “E’ is the electric field intensity on any point dfet cylindrical Gaussian surface,

then by Gauss’s law
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f E.dA = a
€o
pgda =2
€0
~ Eisparallel to dA
E(2mrl) = 1
€o

o 21rL = Area of curved part of Gaussian surface

q

-~ 2me,rL
If “ V" is the potential difference between the platbent

- b ¢ q b dr
V= j Edr = f s———dr = f —
N 4 2TEyrL 21yl r

a

~C = % = capacitance
_ 2mgol

lné
a

This is the expression for.the capacitance of mdscal capacitor.

31.1.5 Capacitance of Spherical Capacitor

Consider a.spherical capacitor which consist of ¢éaacentric spherical shells of radii
‘a’ and ‘b’. Let *q’ is the charge stored in the capacitor aldis the potential difference
between the two spherical shells.

We want to find out the expression of capacitar

for. the spherical capacitor. For this we consider -Q
spherical Gaussian surface of radius ‘such that A

4
a < r < b. If ‘E’ is the electric field intensity on any ; +Q Ja '

point of the spherical Gaussian surface, then bys&a
law

3§E.dA=i
€o
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E jﬁ da =1
€o
~ E and dA are radially outward
E(4mr?) = L
€0
~ 41r? = surface area of Gaussian surface
q
E=——
4mreyr?

If * 1V’ is the potential difference between the platbent

B b g q (?dr
TN P L R
+ g Amegr dmey J, T

1b
V= 1 |-=
4me, rl,
- q 1 1]
47, b ( a)
. q 1 1
V= 41te, [a b]
h—
V= ey ()
4me, \ ab
q _ A4me,
=

ab
C =4ne ( )
°\b=~a
This is the expression for the capacitance of ispdl capacitor.

~C = % = capacitance

31.1.6 Capacitance of an Isolated Sphere
Consider a spherical capacitor which consistssihgle isolated sphere of radius .
The other (outer) sphere of this capacitor is thesSing plate” with an infinite radius co.

The capacitance of spherical capacitor is

ab a
C=47Teo(b_a> = 41¢, b a
b b

a

C = 4me, a

=3

Here ‘a’ and ‘b’ are the inner and outer radii of shells of sptedricapacitor, respectively.

Putting the valued = c anda = R, we get

44
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C = 4me,
1-=

(00}
C = 4meyR
This is the expression for the capacitance of alats sphere.
31.2 Energy Stored in an Electric Field
Consider a capacitor with the capacitan€g which is connected to the battery of
emf V. If * dq’ charge is transferred from one plate to otheentthe work donedW* will
be

dW = Vdq
This work done is stored in the form of electrid¢guuial energydU’
dU = Vdq

When the capacitor is fully charged then the tetadrgy stored is

q
U=de=deq
0

y=21
Cc
qq q
U= —dq=—fqdq
OC C 0
g M@ 1 (e,
clz2|, ¢ \2
1 2
v=-21L
2 C
~qg=CV
U_1C2V2 !
2 C
1
U=—CV?

The energy stored in the capacitor is the enemgg sh the electric field between its

plates. So, the energy stored can be expressedms bf electric field strengtlk”.

AsE = Vd andC = %, therefore

1 /Ag,
- ([ EZdZ
v=7 () &
1
U=? €0E2Ad
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This is the expression of energy stored in thetetefteld between the plates of capacitor.

The energy density' is described as the energy storél per unit volume

‘V’. Mathematically

u—U— U
v Ad
1

z—eoEzAd
 Ad
1 2
u=5 )

If any dielectric medium having the dielectric ctamg ‘x,’ is placed between the
plates of capacitor, then the expressions of enst@yed in the electric field of capacitdr’

and energy densityt” will become,
U =21 gok E*Ad

1 2
u = > Eok E

31.3 Capacitance with Dielectrics
Consider a parallel plate capacitor which is cotegkevith a battery of emf#”. Let
‘A’ is the area of each plate antl Is separation between the plates.
If ‘g’ charge is stored'in the capacitor when thereasuum or air as medium
between the plates, then
q=CV
Where €’ is the capacitance of the capacitor, which, far tase of parallel plate capacitor is

expressed as

Micheal Faraday, in 1937, investigated that if 8pace between the plates of a
parallel plate capacitor is filled with some digtez medium, then the charge stored in the

capacitor increased tq”. And, hence, the capacitance of the capacitar imsreases taC"’.
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Dielectric

AV, | L= AV

Therefore, the relation between the stored chargbe capacitor to the capacitance

will become
ql — CI V
The factor by which the capacitance of capacitmreases as compared to the

capacitance with air as the medium is called tleéediric constantk,’,

C

K, = —

¢ C
S K, > 1

' =k,C

()

So, ¢' > C by a factor of k¢, -

The dielectric constantc,’ is a dimensionless quantity. It is also calledhtige

permittivity of the medium.

31.3.1 Effects of Dielectric Medium
» When a dielectric medium, having dielectric constas,’, is placed between the

point charges, then the electrical force betweeo pwint charges decreases by a
factor of 'k,’. The expression of electrical forcg&,* between two point chargeg,’

and ‘q,’, when the dielectric medium is place between thiem

_ 1 41 9>
dmegk, T2

Fe

» The electrical field intensityE’ due to a point charge between two point charges

decreases, in the presence of a dielectric mediurr,’ is the dielectric constant of
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the corresponding dielectric medium, then the dledeld intensity at any point due

to point chage will be

1 q

ATEGK, T2
» The electric field near the surface of charged cetat, which is immersed in a

dielectric medium of dielectric constamt,’ is

E =
EoKe
where o’ is the uniform charge density of conductor.

31.4 Dielectrics: An Atomic View

o

Dielectrics are the insulating materials throughohtthe electric current cannot pass
easily, because these materials have very highevallelectrical resistance. For example,
paper, pyrex, polystyrence, transformer oil, puetes; silicon etc.

There are two types is dielectrics
(i) Polar Dielectrics (i)  Non-Polar Dielectrics
31.4.1 Polar Dielectrics

The dielectric materials which have permanent gtedipoles momentg’ are called
polar dielectrics. These materials consist.of mdieswhich are permanent dipoles.

In the absence of external electric field, the polalecules are randomly oriented. As
the result, these materials have no net dipole mbme

When the external electric field is applied, théindgoles tend to align themselves
with external electric field. But the thermal agiba tends to keep the dipoles randomly
oriented. Hence the partial alignment of electrpotes is produced in a polar dielectric
medium for specific electric field strength. Howevéhe alignment of dipoles can be

increased by increasing the external electric fa&ld decreasing the temperature.

+ - ] = + all
X = + B T - *
- > - - - - —
: B n
- = 1 < -
+ m + l L) |
\ - = + -
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\ - - e
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31.4.2 Non-Polar Dielectrics

The dielectric materials which don't have permanigmble moments are called non-
polar dielectrics. In the absence of external aledield, the atoms are neutral. When the
electric field of strengthE,’ is applied, then it tends to separate to posiavel negative
charges on the atoms of molecules. As the redwdt,atoms and molecules of dielectric
become dipoles, called induced dipoles and thisge®is called electric polarization.

If the non-polar dielectric material is placed irlactric field having strengttty’,
then another electric fieldE” is produced due to the polarization of mediumeTeiectric
field produce due to the polarization of dielectiscalways opposite to the direction of
external electric field. So, the net electric fighdthe region isE = E, — E"". Hence, the net
electric field is reduced due to polarization c#ldctric medium.

31.4.3 Effect of Dielectric Medium on CapacitancefdCapacitor.

When there is no dielectric medium between theeplaf capacitor, the stored charge
‘q’ in the capacitor can be find out using expression

q=CV

But when the dielectric medium is placed betweenplates of capacitor, then the net
electric field and net potential difference betweabe plates is reduced due to electric
polarization of dielectric medium. Therefore, tregtbry does work to transfer more charge to
increase the potential difference between the platberefore, the more charge is stored in
capacitor, when a dielectric medium is placed betwies plates and hence the capacitance of
capacitor increased.
31.5 Gauss’s Law in Dielectrics

Consider a charged capacitor, havirg* charge on one plate and¢§’ on the other

plate as shown in the figure below.
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Let ‘E,’ is the electric field intensity without any dieleic medium. So, by applying
the Gauss’s law,

q
E, dA = —
3%0 €

0
7€ Ey dA cos0° = 4

4

0

€o
Eof dA =£

q
E)A=—
0 e
q
Ey=—
0 Agg

Now, let a dielectric medium of dielectric constan}’ is placed between the plates

of charged capacitor. due to the polarization efaditric medium, an'induced chargeq”’’

appears near the positively charged plate ad “ appears near the negatively charged plate
as shown in the figure below.

So, the net charge enclosed in the Gaussian sutde@eases which remaing -
q". Again by applying the Gauss’s law,

$E.dA = q: ---------------------- (6)

7€E dAcosO°=£i _aL

€0
EfdA:i—q—

€o €o
pacd _ 4
€o €o
/
E=%+ -4 7)
AEO AEO

Hence the electric field intensity decreased when dielectric medium is placed
between the plates of capacitor.

The electric field intensity between two oppositetharged plates, in the presence of a
dielectric medium can be find out by the expression

_ q

a EokA (8)
Comparing eg. (7) and (8), we get

a _a q

ok A B Agg Ag
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4a_, _ o
el
.
A

—a (-3
q =q Py

This shows that the induced surface chargéis always less than the original free
charge §’. Considering eq. (6)
g$E.dA=q—q

N
| , >
Putting the value ofg"’, we get c

PE.dA=qg— q +Kie b/\/\
D

&$E.dA= L Q
eoékeE-dA: q Qrb

This is the Gauss’s law in dielectrics. f-/'?

District <hushab
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