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A parallel-plate capacitor, made up of two plates 
of area A separated by a distance d. The charges on 
the facing plate surfaces have the same magnitude q 
but opposite signs

 As the field lines show, the electric field due to the charged 
plates is uniform in the central region between the plates. 
The field is not uniform at the edges of the plates, as 
indicated by the “fringing” of the field lines there.

• The charge q and the potential difference V for a capacitor are proportional to each 
other:

25-2 Capacitance

 When a capacitor is charged, its plates have charges of equal magnitudes but 
opposite signs: q+ and q-. 
 However, we refer to the charge of a capacitor as being q, the absolute value of these charges 

on the plates.

 The proportionality constant C is called the capacitance of the capacitor. 
 Its value depends ONLY on the geometry of the plates 
 not on their charge or potential difference.
 The SI unit is called the farad (F): 1 farad  (1 F)= 1 coulomb per volt =1 C/V.

A,d
Q,VX
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Electrolytic  (1940-70)
Electrolytic (new)

Paper (1940-70)

Tantalum (1980 on) Ceramic (1930 on) Mica (1930-50)

Variable
air, mica

CapacitorsCapacitors

25-2 Capacitance
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Capacitance and Your iPhone!Capacitance and Your iPhone!
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Parallel Plate Capacitor — ExampleParallel Plate Capacitor — Example
• A huge parallel plate capacitor consists of two square metal 

plates of side 50 cm, separated by an air gap of 1 mm. 
What is the capacitance?

Lesson: difficult to get large values
of capacitance without special
tricks! 

Lesson: difficult to get large values
of capacitance without special
tricks! 

C = e0A/d 

= (8.85 x 10–12 F/m)(0.25 m2)/(0.001 m)

= 2.21 x 10–9 F

(Very Small!!)

25-2 Capacitance
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25-2 Charging a Capacitor
• When a circuit with a battery, an open switch, and an uncharged capacitor is 

completed by closing the switch, conduction electrons shift, leaving the capacitor 
plates with opposite charges. • In Fig. a, a battery B, a switch 

S, an uncharged capacitor C, 
and interconnecting wires form 
a circuit. 

• The same circuit is shown in 
the schematic diagram of Fig. 
b, in which the symbols for a 
battery, a switch, and a 
capacitor represent those 
devices. 

• The battery maintains potential 
difference V between its 
terminals. 

• The terminal of higher potential 
is labeled + and is often called 
the positive terminal; the 
terminal of lower potential is 
labeled - and is often called the 
negative terminal.

• When the switch is closed, electrically connecting 
those wires, the circuit is complete and charge 
can then flow through the switch and the wires.

• As the plates become oppositely charged, that 
potential difference increases until it equals the 
potential difference V between the terminals of 
the battery. 

• The capacitor is then said to be fully charged, 
with a potential difference V and charge q.

+ -

C=Q/V



October 21, 2021 9PHY102 Physics II © Dr.Cem Özdoğan

25-3 Calculating the Capacitance
• To relate the electric field E  between the plates 

of a capacitor to the charge q on either plate, we 
use Gauss’ law:

• Here q is the charge enclosed by a Gaussian 
surface

•           is the net electric flux through that 
surface. In our special case in the figure, 

•in which A is the area of that part of the 
Gaussian surface through which there is a flux.

• the potential difference between the plates of a 
capacitor is related to the field E by

• If V is the difference Vf -Vi   C=q/V=e0EA/Ed 

i

f

antiparalle
l

only geometrical factors
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A Cylindrical Capacitor :

• As a Gaussian surface, we choose a 
cylinder of length L and radius r, closed by 
end caps and placed as is shown. 

• It is coaxial with the cylinders and encloses 
the central cylinder and thus also the 
charge q on that cylinder.

From the relation C= q/V, we then have

25-3 Calculating the Capacitance

surface area

i

f

only geometrical factors

antiparalle
l
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A Spherical Capacitor:
• As a Gaussian surface, we choose a sphere 

of radius r and placed as is shown. 
• It is cocentric with the spheres and encloses 

the central sphere and thus also the charge 
q on that sphere.

From the relation C= q/V, we then have

25-3 Calculating the Capacitance

surface area

i

f

antiparallel

only geometrical factors
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• We can assign a capacitance to a single isolated spherical conductor of 
radius R by assuming that the “missing plate” is a conducting sphere of 
infinite radius.

• The field lines that leave the surface of a positively charged isolated 
conductor must end somewhere; 

•the walls of the room in which the conductor is housed can serve 
effectively as our sphere of infinite radius.

• To find the capacitance of the conductor, we first rewrite the capacitance 
as:

• Now letting b→∞, and substituting R for a, 

An Isolated Sphere:

25-3 Calculating the Capacitance
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Charging the Plates in a Parallel-Plate Capacitor:

25-3 Calculating the Capacitance

n=# of charge carriers/volume

L
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25-4 Capacitors in Parallel and Series
• When a potential difference V is applied across 

several capacitors connected in parallel, that 
potential difference V is applied across each 
capacitor. 

• The total charge q stored on the capacitors is the 
sum of the charges stored on all the capacitors.

• Capacitors connected in parallel can be replaced 
with an equivalent capacitor that has the same total 
charge q and the same potential difference V as the 
actual capacitors.

PARALLEL: 
• V is same for all capacitors
• Total charge = sum of Q
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• When a potential difference V is applied across 
several capacitors connected in series, the 
capacitors have identical charge q.

• The sum of the potential differences across all the 
capacitors is equal to the applied potential difference 
V.

• Capacitors that are connected in series can be 
replaced with an equivalent capacitor that has the 
same charge q and the same total potential 
difference V as the actual series capacitors.

SERIES: 
• Q is same for all capacitors
• Total potential difference =
 sum of V

25-4 Capacitors in Parallel and Series
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Example:

25-4 Capacitors in Parallel and Series
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25-4 Capacitors in Parallel and Series
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One Capacitor Charging up Another Capacitor:

25-4 Capacitors in Parallel and Series

C
1
 → becomes a battery !

initial charge → can flow through C
2
 until balance

parallel connection

initial
final



• Suppose that, at a given instant, a charge dq’ has been transferred from one 
plate of a capacitor to the other. The increment of work required will be,

• The work required to bring the total capacitor
     charge up to a final value q is
• This work is stored as potential energy U in the capacitor, so that,
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25-5 Energy Stored in an Electric Field

• Start out with uncharged capacitor

• Transfer small amount of charge dq from one 
plate to the other until charge on each plate has 
magnitude Q

• How much work was needed?
dq’
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• In a parallel-plate capacitor, the energy density u -that is, the 
potential energy per unit volume between the plates- should be 
uniform.

• We can find u by dividing the total potential energy by  the 
volume Ad of the space between the plates.

• But since(C = ε0A/d), this result becomes

• However, (E=-ΔV/Δs), V/d equals the electric field magnitude E. 
Therefore;

25-5 Energy Stored in an Electric Field
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Potential Energy and Energy Density of an Electric Field:

25-5 Energy Stored in an Electric Field
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25-6 Capacitor with a Dielectric

(b) If the charge on the capacitor plates is 
maintained, as in this case by isolating the 
capacitor, the effect of a dielectric is to reduce 
the potential difference between the plates. 
The scale shown is that of a potentiometer, a 
device used to measure potential difference 
(here, between the plates). A capacitor cannot 
discharge through a potentiometer.

(a)If the potential difference 
between the plates of a capacitor is 
maintained, as by the presence of 
battery B, the effect of a dielectric is 
to increase the charge on the plates. 

• If the space between the plates of a capacitor is completely filled with a dielectric 
material, the capacitance C in vacuum (or, effectively, in air) is multiplied by the 
material’s dielectric constant κ, (Greek kappa) which is a number greater than 1.

κ for air is 1

C → κC

C ↑≡ Q↑/V C ↑≡ Q/V↓
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• A dielectric, is an insulating material such as 
mineral oil or plastic, and is characterized by a 
numerical factor κ, called the dielectric 
constant of the material.

• Some dielectrics, such as strontium titanate, 
can increase the capacitance by more than two 
orders of magnitude.

• The introduction of a dielectric also limits the 
potential difference that can be applied 
between the plates to a certain value Vmax, 
called the breakdown potential. 

• Every dielectric material has a characteristic 
dielectric strength, which is the maximum 
value of the electric field that it can tolerate 
without breakdown.

C=e0A/d (parallel plate capacitor)

25-6 Capacitor with a Dielectric

C=κC
0
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Work and Energy when a Dielectric is inserted inside a Capacitor:
25-6 Capacitor with a Dielectric

C ↑  U↓ same Q in capacitor

   q
i
=q

f          

 
C

i
 → κC

i

putting 
slab
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1. Polar dielectrics. The molecules of some dielectrics, like water, have permanent 
electric dipole moments.
• In such materials (called polar dielectrics), the electric dipoles tend to line up 

with an external electric field as in Figure. 
• Since the molecules are continuously push&pull  each other as a result of their 

random thermal motion, this alignment is not complete, but it becomes more 
complete as the magnitude of the applied field is increased.

• The alignment of the electric dipoles produces an electric field that is 
directed opposite the applied field and is smaller in magnitude.

Polar Dielectrics

(a) Molecules with a permanent electric 
dipole moment, showing their random 
orientation in the absence of an external 
electric field. 

(b) An electric field is applied, 
producing partial alignment of the 
dipoles. Thermal agitation prevents 
complete alignment.

Atomic View

25-6 Capacitor with a Dielectric FYI

+ -
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2. Nonpolar dielectrics. Regardless of whether they have permanent electric 
dipole moments, molecules acquire dipole moments by induction when placed in 
an external electric field. 
• This occurs because the external field tends to “stretch” the molecules, slightly 

separating the centers of negative and positive charge.

Nonpolar 
Dielectrics

Atomic 
View

25-6 Capacitor with a Dielectric FYI

net E
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25-7 Dielectrics and Gauss’ Law  Capacitor with a Dielectric

• In Fig. 25-16a, without a dielectric. We enclose the charge q on the top 
plate with a Gaussian surface and then apply Gauss’ law. If E0 represents 
the magnitude of the field, we have

• In Fig. 25-16b, with the dielectric in place. Now the surface encloses two 
types of charge: It still encloses charge +q on the top plate, but it now also 
encloses the induced charge –q’ on the top face of the dielectric. 
1.The charge on the conducting plate (q) is said to be free charge 

because it can move if we change the electric potential of the plate;
2.The induced charge (q’) on the surface of the dielectric is not free 

charge because it cannot move from that surface.

σ/ε
0

C↑ U↓ E↓
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• The effect of the dielectric is to weaken the original field E0 by a factor of κ    
 and     

• When a dielectric is present, Gauss’ law may be generalized to

    where q is the free charge. Any induced surface charge is accounted for by   
    including the dielectric constant κ inside the integral.

25-7 Dielectrics and Gauss’ Law  Capacitor with a Dielectric

no consideraton of induced charge! only free charge since ε
0
 → ε

0
κ

Inserting a dielectric into a capacitor causes induced charge to appear on 
the faces of the dielectric and weakens the electric field between the 

plates.

C↑ U↓ E↓
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Dielectric Partially Filling a Gap in a Capacitor:
25-7 Dielectrics and Gauss’ Law  Capacitor with a Dielectric

no fully filling C → κC
0

without dielectric

stored charge

general formula 
ε

0
 → ε

0
κ
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25-7 Dielectrics and Gauss’ Law  Capacitor with a Dielectric

E
0

E
1

E
0

not κC
0 
since not fully insert

same 
without 

slab

C↑ E↓ V↓ 13.4 > 8.21 √ 
but it is not 2.62*8.21 ( κC

0
)
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25 Solved Problems

1. The plates of a spherical capacitor have radii 38.0 mm and 40.0 mm. 
(a) Calculate the capacitance. (b) What must be the plate area of a 
parallel-plate capacitor with the same plate separation and 
capacitance?  
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25 Solved Problems

2. In Figure, a 20.0 V battery is connected across capacitors of 
capacitances C1=C6=3.00 µF and C3=C5=2.00C2=2.00C4= 4.00 µF. 
What are (a) the equivalent capacitance Ceq of the capacitors and (b) 
the charge stored by Ceq? What are (c) V1 and  (d) q1 of capacitor 1, 
(e)V2 and (f)q2 of capacitor 2, and (g)V3 and (h) q3 of capacitor 3?
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25 Solved Problems
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25 Solved Problems
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25 Solved Problems

3. In Fig. 25-37, V = 10 V, C1 = 10 µF, and C2 = C3 
= 20 µF. Switch S is first thrown to the left side 
until capacitor 1 reaches equilibrium. Then the 
switch is thrown to the right. When equilibrium 
is again reached, how much charge is on 
capacitor 1?
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25 Solved Problems

4. Figure 25-42 shows a 12.0 V battery and four uncharged 
capacitors of capacitances C1 = 1.00 µF, C2 = 2.00 µF, C3 = 3.00 
µF, and C4 = 4.00 µF. If only switch S1 is closed, what is the 
charge on (a) capacitor 1, (b) capacitor 2, (c) capacitor 3, and (d) 
capacitor 4? If both switches are closed, what is the charge on (e) 
capacitor 1, (f) capacitor 2, (g) capacitor 3, and (h) capacitor 4?
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25 Solved Problems
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25 Solved Problems
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25 Solved Problems
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25 Solved Problems

5. In Fig. 25-28, a potential difference V=100 V is applied across a 
capacitor arrangement with capacitances C1=10.0 µF, C2=5.00 µF, 
and C3=4.00 µF. What are (a) charge q3, (b) potential difference V3, 
and (c) stored energy U3 for capacitor 3, (d) q1, (e) V1, and (f) U1 
for capacitor 1, and (g) q2, (h) V2, and (i) U2 for capacitor 2?



October 21, 2021 41PHY102 Physics II © Dr.Cem Özdoğan

25 Solved Problems
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25 Solved Problems

6. Figure shows a parallel plate capacitor with a 
plate area A=5.56 cm2 and separation d=5.56 mm. 
The left half of the gap is filled with material of 
dielectric constant  κ1=7.00; the right half is filled 
with material of dielectric constant κ2=12.0. What 
is the capacitance?       
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25 Solved Problems



October 21, 2021 44PHY102 Physics II © Dr.Cem Özdoğan

25 Solved Problems

7. A parallel-plate capacitor has plates of area 0.12 m2 and a 
separation of 1.2 cm. A battery charges the plates to a potential 
difference of 120 V and is then disconnected. A dielectric slab of 
thickness 4.0 mm and dielectric constant 4.8 is then placed 
symmetrically between the plates. 

(a) What is the capacitance before the slab is inserted?
(b) What is the capacitance with the slab in place?
(c) What is the free charge q before and
(d) after the slab is inserted? 
(e) What is the magnitude of the electric field in the space between the 

plates and dielectric and
(f) in the dielectric itself?
(g) With the slab in place, what is the potential difference across the 

plates? 
(h) How much external work is involved in inserting the slab? 
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25 Solved Problems
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25 Solved Problems
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25 Solved Problems
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25 Solved Problems

wire
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25 Summary

24  SummaryCapacitor and Capacitance
•The capacitance of a capacitor is defined as:

Determining Capacitance
•Parallel-plate capacitor:

•Cylindrical Capacitor:

•Spherical Capacitor:

•Isolated sphere:

Eq. 25-1

Eq. 25-9

Eq. 25-14

Eq. 25-17

Eq. 25-18

Potential Energy and Energy 
Density
•Electric Potential Energy (U):

•Energy density (u)

Eq. 25-21&22

Eq. 25-25

Capacitor in parallel and series
•In parallel:

•In series

Eq. 25-19

Eq. 25-20

Capacitance with a Dielectric
•If the space between the plates of a 
capacitor is completely filled with a 
dielectric material, the capacitance C 
is increased by a factor κ, called the 
dielectric constant, which is 
characteristic of the material.

Gauss’ Law with a Dielectric
•When a dielectric is present, Gauss’ 
law may be generalized to

Eq. 25-36
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