
Chapter 26
Capacitance and Dielectrics



Circuits and Circuit Elements

Electric circuits are the basis for the vast majority of the devices used in society.

Circuit elements can be connected with wires to form electric circuits.

Capacitors are one circuit element.
§ Others will be introduced in other chapters 
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Capacitors

Capacitors are devices that store electric charge.

Examples of where capacitors are used include:

§ radio receivers

§ filters in power supplies

§ to eliminate sparking in automobile ignition systems

§ energy-storing devices in electronic flashes

Introduction



Makeup of a Capacitor

A capacitor consists of two conductors.

§ These conductors are called 
plates.

§ When the conductor is charged, 
the plates carry charges of equal 
magnitude and opposite directions.

A potential difference exists between 
the plates due to the charge.
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Definition of Capacitance

The capacitance, C, of a capacitor is defined as the ratio of the magnitude of the 
charge on either conductor to the potential difference between the conductors.

The SI unit of capacitance is the farad (F).

The farad is a large unit, typically you will see microfarads (mF) and picofarads 
(pF).

Capacitance will always be a positive quantity

The capacitance of a given capacitor is constant.

The capacitance is a measure of the capacitor’s ability to store charge .
§ The capacitance of a capacitor is the amount of charge the capacitor can 

store per unit of potential difference.
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Parallel Plate Capacitor
Each plate is connected to a terminal of 
the battery.

§ The battery is a source of potential 
difference.

If the capacitor is initially uncharged, 
the battery establishes an electric field 
in the connecting wires.
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Parallel Plate Capacitor, cont

This field applies a force on electrons in the wire just outside of the plates.

The force causes the electrons to move onto the negative plate.

This continues until equilibrium is achieved.

§ The plate, the wire and the terminal are all at the same potential.

At this point, there is no field present in the wire and the movement of the 
electrons ceases.

The plate is now negatively charged.
A similar process occurs at the other plate, electrons moving away from the plate 
and leaving it positively charged.
In its final configuration, the potential difference across the capacitor plates is the 
same as that between the terminals of the battery.
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Problem 26.1

(a) How much charge is on each plate of a 4.00 µF capacitor when it is 
connected to a 12.0-V battery? (b) If this same capacitor is connected to a 1.50-V 
battery, what charge is stored?
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SOLUTIONS TO PROBLEMS

Section 26.1 Definition of Capacitance
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Capacitance – Parallel Plates

The charge density on the plates is σ = Q/A.

§ A is the area of each plate, the area of each plate is equal

§ Q is the charge on each plate, equal with opposite signs

The electric field is uniform between the plates and zero elsewhere.

The capacitance is proportional to the area of its plates and inversely 
proportional to the distance between the plates.
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Circuit Symbols

A circuit diagram is a simplified 
representation of an actual circuit.

Circuit symbols are used to represent 
the various elements.

Lines are used to represent wires.

The battery’s positive terminal is 
indicated by the longer line.
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Example 26.1 Parallel-Plate Capacitor

A parallel-plate capacitor with air between the plates has an area A = 2.00 x 10-4

m2 and a plate separation d = 1.00 mm. Find its capacitance.
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Example 26.1 Parallel-Plate Capacitor

A parallel-plate capacitor with air between the plates has an
area A ! 2.00 " 10#4 m2 and a plate separation d ! 1.00 mm.
Find its capacitance.

Solution From Equation 26.3, we find that
1.77 pF ! 1.77 " 10#12  F !

C !
$0A
d

!
(8.85 " 10#12 C2/N%m2)(2.00 " 10#4 m2)
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Active Figure 26.4 (a) A circuit consisting of a capacitor, a battery, and a switch.
(b) When the switch is closed, the battery establishes an electric field in the wire
that causes electrons to move from the left plate into the wire and into the right plate
from the wire. As a result, a separation of charge exists on the plates, which represents
an increase in electric potential energy of the system of the circuit. This energy in the
system has been transformed from chemical energy in the battery.

At the Active Figures link
at http://www.pse6.com, you
can adjust the battery voltage
and see the resulting charge on
the plates and the electric field
between the plates.

Quick Quiz 26.2 Many computer keyboard buttons are constructed of
capacitors, as shown in Figure 26.5. When a key is pushed down, the soft insulator
between the movable plate and the fixed plate is compressed. When the key is pressed,
the capacitance (a) increases, (b) decreases, or (c) changes in a way that we cannot
determine because the complicated electric circuit connected to the keyboard button
may cause a change in &V.

Figure 26.5 (Quick Quiz 26.2) One type of com-
puter keyboard button.
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Problem 26.7
An air-filled capacitor consists of two parallel plates, each with an area of 7.60 
cm2, separated by a distance of 1.80 mm. A 20.0-V potential difference is applied 
to these plates. Calculate (a) the electric field between the plates, (b) the surface 
charge density, (c) the capacitance, and (d) the charge on each plate.
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Problem 26.9

When a potential difference of 150 V is applied to the plates of a parallel-plate 
capacitor, the plates carry a surface charge density of 30.0nC/cm2. What is the 
spacing between the plates?
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Capacitors in Parallel

When capacitors are first connected in 
the circuit, electrons are transferred 
from the left plates through the battery 
to the right plate, leaving the left plate 
positively charged and the right plate 
negatively charged.
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Capacitors in Parallel, 2

The flow of charges ceases when the voltage across the capacitors equals that of 
the battery.
The potential difference across the capacitors is the same.
§ And each is equal to the voltage of the battery
§ DV1 = DV2 = DV 

§ DV is the battery terminal voltage

The capacitors reach their maximum charge when the flow of charge ceases.
The total charge is equal to the sum of the charges on the capacitors.
§ Qtot = Q1 + Q2
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Capacitors in Parallel, 3

The capacitors can be replaced with 
one capacitor with a capacitance of Ceq.

§ The equivalent capacitor must 
have exactly the same external 
effect on the circuit as the original 
capacitors.
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Capacitors in Parallel, final

Ceq = C1 + C2 + C3 + … 

The equivalent capacitance of a parallel combination of capacitors is greater than 
any of the individual capacitors.

§ Essentially, the areas are combined
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Capacitors in Series

When a battery is connected to the 
circuit, electrons are transferred from 
the left plate of C1 to the right plate of 
C2 through the battery.

As this negative charge accumulates 
on the right plate of C2, an equivalent 
amount of negative charge is 
removed from the left plate of C2, 
leaving it with an excess positive 
charge.

All of the right plates gain charges of 
–Q and all the left plates have 
charges of +Q.
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Capacitors in Series, cont.

An equivalent capacitor can be found 
that performs the same function as the 
series combination.

The charges are all the same. 

Q1 = Q2 = Q
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Capacitors in Series, final

The potential differences add up to the battery voltage.
ΔVtot = DV1 + DV2 + …

The equivalent capacitance is

The equivalent capacitance of a series combination is always less than any 
individual capacitor in the combination.

1 2 3

1 1 1 1
eqC C C C
= + + +
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Equivalent Capacitance, Example

The 1.0-µF and 3.0-µF capacitors are in parallel as are the 6.0-µF and 2.0-µF 
capacitors.
These parallel combinations are in series with the capacitors next to them.
The series combinations are in parallel and the final equivalent capacitance can be 
found.
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Problem 26.18

Evaluate the equivalent capacitance of the configuration shown in the Figure. All 
the capacitors are identical, and each has capacitance C.

Problems 823

d

θ

R

Figure P26.10

CC

C

C CC

Figure P26.18

capacitance. Assume the cloud layer has an area of
1.00 km2 and that the air between the cloud and the
ground is pure and dry. Assume charge builds up on the
cloud and on the ground until a uniform electric field of
3.00 ! 106 N/C throughout the space between them
makes the air break down and conduct electricity as a
lightning bolt. What is the maximum charge the cloud
can hold?

An air-filled capacitor consists of two parallel plates,
each with an area of 7.60 cm2, separated by a distance of
1.80 mm. A 20.0-V potential difference is applied to these
plates. Calculate (a) the electric field between the plates,
(b) the surface charge density, (c) the capacitance, and
(d) the charge on each plate.

8. A 1-megabit computer memory chip contains many 60.0-f F
capacitors. Each capacitor has a plate area of
21.0 ! 10"12 m2. Determine the plate separation of such a
capacitor (assume a parallel-plate configuration). The
order of magnitude of the diameter of an atom is
10"10 m # 0.1 nm. Express the plate separation in
nanometers.

When a potential difference of 150 V is applied to the
plates of a parallel-plate capacitor, the plates carry a surface
charge density of 30.0 nC/cm2. What is the spacing
between the plates?

10. A variable air capacitor used in a radio tuning circuit is
made of N semicircular plates each of radius R and posi-
tioned a distance d from its neighbors, to which it is elec-
trically connected. As shown in Figure P26.10, a second
identical set of plates is enmeshed with its plates halfway
between those of the first set. The second set can rotate
as a unit. Determine the capacitance as a function of the
angle of rotation $, where $ # 0 corresponds to the maxi-
mum capacitance.

9.

7.

other. The region between the spheres is a vacuum. Deter-
mine the volume of this region.

An air-filled spherical capacitor is constructed with inner
and outer shell radii of 7.00 and 14.0 cm, respectively.
(a) Calculate the capacitance of the device. (b) What
potential difference between the spheres results in a
charge of 4.00 %C on the capacitor?

14. A small object of mass m carries a charge q and is sus-
pended by a thread between the vertical plates of a
parallel-plate capacitor. The plate separation is d. If the
thread makes an angle $ with the vertical, what is the
potential difference between the plates?

15. Find the capacitance of the Earth. (Suggestion: The outer
conductor of the “spherical capacitor’’ may be considered
as a conducting sphere at infinity where V approaches
zero.)

Section 26.3 Combinations of Capacitors

16. Two capacitors, C1 # 5.00 %F and C 2 # 12.0 %F, are
connected in parallel, and the resulting combination is
connected to a 9.00-V battery. (a) What is the equivalent
capacitance of the combination? What are (b) the poten-
tial difference across each capacitor and (c) the charge
stored on each capacitor?

17. What If? The two capacitors of Problem 16 are now
connected in series and to a 9.00-V battery. Find (a) the
equivalent capacitance of the combination, (b) the poten-
tial difference across each capacitor, and (c) the charge on
each capacitor.

18. Evaluate the equivalent capacitance of the configuration
shown in Figure P26.18. All the capacitors are identical,
and each has capacitance C.

13.

A 50.0-m length of coaxial cable has an inner conduc-
tor that has a diameter of 2.58 mm and carries a charge of
8.10 %C. The surrounding conductor has an inner diame-
ter of 7.27 mm and a charge of " 8.10 %C. (a) What is the
capacitance of this cable? (b) What is the potential differ-
ence between the two conductors? Assume the region
between the conductors is air.

12. A 20.0-%F spherical capacitor is composed of two concen-
tric metal spheres, one having a radius twice as large as the

11.

19. Two capacitors when connected in parallel give an equiva-
lent capacitance of 9.00 pF and give an equivalent capaci-
tance of 2.00 pF when connected in series. What is the
capacitance of each capacitor?

20. Two capacitors when connected in parallel give an equiva-
lent capacitance of C p and an equivalent capacitance of Cs
when connected in series. What is the capacitance of each
capacitor?

Four capacitors are connected as shown in Figure
P26.21. (a) Find the equivalent capacitance between
points a and b. (b) Calculate the charge on each capacitor
if &Vab # 15.0 V.

21.
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P26.18 The circuit reduces first according to the rule for capacitors in
series, as shown in the figure, then according to the rule for
capacitors in parallel, shown below.
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We choose arbitrarily the + sign. (This choice can be arbitrary, since with the case of the minus sign,
we would get the same two answers with their names interchanged.)
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where the positive sign was arbitrarily chosen (choosing the negative sign gives the same values for
the capacitances, with the names reversed).

Then, from C C Cp2 1= −

C C C C Cp p p s2
21

2
1
4

= − − .
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Problem 26.21

Four capacitors are connected as shown in the Figure. (a) Find the equivalent 
capacitance between points a and b. (b) Calculate the charge on each capacitor 
if ΔVab = 15.0 V.
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*P26.22 (a) Capacitors 2 and 3 are in parallel and present equivalent capacitance 6C. This is in series

with capacitor 1, so the battery sees capacitance 
1

3
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.

(b) If they were initially unchanged, C1  stores the same charge as C2  and C3  together. With

greater capacitance, C3  stores more charge than C2 . Then Q Q Q1 3 2> > .

(c) The C C2 3||b g  equivalent capacitor stores the same charge as C1 . Since it has greater

capacitance, ∆V
Q
C

=  implies that it has smaller potential difference across it than C1 . In

parallel with each other, C2  and C3  have equal voltages: ∆ ∆ ∆V V V1 2 3> = .

(d) If C3  is increased, the overall equivalent capacitance increases. More charge moves through
the battery and Q increases. As ∆V1  increases, ∆V2  must decrease so Q2  decreases. Then
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Energy in a Capacitor – Overview 

Consider the circuit to be a system.

Before the switch is closed, the energy 
is stored as chemical energy in the 
battery.

When the switch is closed, the energy 
is transformed from chemical potential 
energy to electric potential energy.

The electric potential energy is related 
to the separation of the positive and 
negative charges on the plates.

A capacitor can be described as a 
device that stores energy as well as 
charge.
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Energy Stored in a Capacitor

Assume the capacitor is being charged 
and, at some point, has a charge q on 
it.

The work needed to transfer a charge 
from one plate to the other is

The work required is the area of the tan 
rectangle.

The total work required is

qdW Vdq dq
C

= D =

2

0 2
Q q QW dq
C C

= =ò
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Energy, cont

The work done in charging the capacitor appears as electric potential energy U:

This applies to a capacitor of any geometry.
The energy stored increases as the charge increases and as the potential 
difference increases.
In practice, there is a maximum voltage before discharge occurs between the 
plates.

2
21 1 ( )

2 2 2
QU Q V C V
C

= = D = D
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Energy, final

The energy can be considered to be stored in the electric field .

For a parallel-plate capacitor, the energy can be expressed in terms of the field 
as U = ½ (εoAd)E2.
It can also be expressed in terms of the energy density (energy per unit volume)

uE = ½ eoE2.
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Some Uses of Capacitors

Defibrillators

§ When cardiac fibrillation occurs, the heart produces a rapid, irregular pattern 
of beats

§ A fast discharge of electrical energy through the heart can return the organ 
to its normal beat pattern.

In general, capacitors act as energy reservoirs that can be slowly charged and 
then discharged quickly to provide large amounts of energy in a short pulse.
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Problem 26.31

(a) A 3.00-µF capacitor is connected to a 12.0-V battery. How much energy is 
stored in the capacitor? (b) If the capacitor had been connected to a 6.00-V 
battery, how much energy would have been stored?
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Problem 26.36

A uniform electric field E = 3 000 V/m exists within a certain region. What volume 
of space contains an energy equal to 1.00 x 10-7 J? Express your answer in cubic 
meters and in liters.
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Capacitors with Dielectrics

A dielectric is a nonconducting material that, when placed between the plates of 
a capacitor, increases the capacitance.

§ Dielectrics include rubber, glass, and waxed paper

With a dielectric, the capacitance becomes C = κCo.

§ The capacitance increases by the factor κ when the dielectric completely fills 
the region between the plates.

§ κ is the dielectric constant of the material.

If the capacitor remains connected to a battery, the voltage across the capacitor 
necessarily remains the same.

If the capacitor is disconnected from the battery, the capacitor is an isolated 
system and the charge remains the same.
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Dielectrics, cont

For a parallel-plate capacitor, C = κ (εoA) / d

In theory, d could be made very small to create a very large capacitance.
In practice, there is a limit to d.

§ d is limited by the electric discharge that could occur though the dielectric 
medium separating the plates.

For a given d, the maximum voltage that can be applied to a capacitor without 
causing a discharge depends on the dielectric strength of the material.
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Dielectrics, final

Dielectrics provide the following advantages:

§ Increase in capacitance
§ Increase the maximum operating voltage
§ Possible mechanical support between the plates

§ This allows the plates to be close together without touching.
§ This decreases d and increases C.
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Some Dielectric Constants and Dielectric Strengths
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Example 26.6 A Paper-Filled Capacitor

A parallel-plate capacitor has plates of dimensions 2.0 cm by 3.0 cm separated 
by a 1.0-mm thickness of paper. (A) Find its capacitance.

(B) What is the maximum charge that can be placed on the capacitor?
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Quick Quiz 26.9 A fully charged parallel-plate capacitor remains con-
nected to a battery while you slide a dielectric between the plates. Do the following
quantities increase, decrease, or stay the same? (a) C ; (b) Q ; (c) E between the plates;
(d) !V.

Example 26.6 A Paper-Filled Capacitor

A parallel-plate capacitor has plates of dimensions 2.0 cm by
3.0 cm separated by a 1.0-mm thickness of paper.

(A) Find its capacitance.

Solution Because " # 3.7 for paper (see Table 26.1), we have

(B) What is the maximum charge that can be placed on the
capacitor?

20 pF# 20 $ 10%12 F #

 # 3.7 ! (8.85 $ 10%12 C2/N&m2)(6.0 $ 10%4  m2)
1.0 $ 10%3 m "

C # "  
'0A
d

Solution From Table 26.1 we see that the dielectric
strength of paper is 16 $ 106 V/m. Because the thickness of
the paper is 1.0 mm, the maximum voltage that can be
applied before breakdown is

Hence, the maximum charge is

0.32 (C#

Q max # C  !Vmax # (20 $ 10%12 F )(16 $ 103 V  )

 # 16 $ 103 V
∆Vmax # Emax d # (16 $ 106 V/m)(1.0 $ 10%3 m)

Example 26.7 Energy Stored Before and After

A parallel-plate capacitor is charged with a battery to a
charge Q 0, as shown in Figure 26.20a. The battery is then
removed, and a slab of material that has a dielectric
constant " is inserted between the plates, as shown in Figure
26.20b. Find the energy stored in the capacitor before and
after the dielectric is inserted.

Solution From Equation 26.11, we see that the energy stored
in the absence of the dielectric is

After the battery is removed and the dielectric inserted, the
charge on the capacitor remains the same. Hence, the energy
stored in the presence of the dielectric is

But the capacitance in the presence of the dielectric is
C # "C0, so U becomes

Because " ) 1, the final energy is less than the initial
energy. We can account for the “missing’’ energy by noting
that the dielectric, when inserted, is pulled into the
device (see Section 26.7). An external agent must do neg-
ative work to keep the dielectric from accelerating. This
work is simply the difference U % U 0. (Alternatively, the
positive work done by the system on the external agent is
U 0 % U.)
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Figure 26.20 (Example 26.7) (a) A battery charges up a paral-
lel-plate capacitor. (b) The battery is removed and a slab of di-
electric material is inserted between the plates.
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Example 26.7 Energy Stored Before and After

A parallel-plate capacitor is charged with a battery to a charge Q0, as shown in 
the Figure. The battery is then removed, and a slab of material that has a 
dielectric constant 𝜅 is inserted between the plates. Find the energy stored in the 
capacitor before and after the dielectric is inserted.
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problem 26.47
A parallel-plate capacitor in air has a plate separation of 1.50 cm and a plate area 
of 25.0 cm2. The plates are charged to a potential difference of 250 V and 
disconnected from the source. The capacitor is then immersed in distilled water. 
Determine (a) the charge on the plates before and after immersion, (b) the 
capacitance and potential difference after immersion, and (c) the change in 
energy of the capacitor. Assume the liquid is an insulator.
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problem 26.47
A parallel-plate capacitor in air has a plate separation of 1.50 cm and a plate area 
of 25.0 cm2. The plates are charged to a potential difference of 250 V and 
disconnected from the source. The capacitor is then immersed in distilled water. 
Determine (a) the charge on the plates before and after immersion, (b) the 
capacitance and potential difference after immersion, and (c) the change in 
energy of the capacitor. Assume the liquid is an insulator.
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P26.46 Consider two sheets of aluminum foil, each 40 cm by 100 cm, with one sheet of plastic between

them. Suppose the plastic has ≅ 3 , Emax ~107  V m  and thickness 1 mil =
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