
Chapter 25
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
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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, , 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 ( ). 

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

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.

C

C ≡
Q

ΔV

F
mF pF
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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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(a) When a battery is connected to the plates of a  capacitor, it stores a charge of . What is 
the voltage of the battery? (b) If the same capacitor is connected to another battery and  of charge is 
stored on the capacitor, what is the voltage of the battery?

3.00 − μF 27.0μC
36.0μC

Problem 25.01:

(a) From the definition of capacitance, , we have





(b) Similarly,


C = Q
ΔV

ΔV =
Q
C

=
27.0μC
3.00μ F

= 9.00 V

ΔV =
Q
C

=
36.0μC
3.00μ F

= 12.0 V
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Capacitance – Parallel Plates

The charge density on the plates is . 

▪  is the area of each plate, the area of each plate is equal 

▪  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. 

σ = Q /A
A

Q

C = Q
ΔV = Q

Ed = Q
Qd/ε0A =

ε0A
d

Section  25.2



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

150 V
30.0nC/cm2

Problem 25.03:

We have  and . Thus, 

The surface charge density on each plate has the same magnitude, given by





Thus,


Q = CΔV C = ϵ0A /d Q = ϵ0AΔV/d

σ =
Q
A

=
ϵ0ΔV

d

d =
ϵ0ΔV
Q /A

= (8.85 × 10−12C2 /N ⋅ m2)(150 V)

(30.0 × 10−9C/cm2)
= 4.43 μm
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An air-filled parallel-plate capacitor has plates of area  separated by  . (a) Find the value 
of its capacitance. The capacitor is connected to a  battery. (b) What is the charge on the 
capacitor? (c) What is the magnitude of the uniform electric field between the plates?

2.30 cm2 1.50 mm
12.0 − V

Problem 25.04:

(a)





(b) 


(c) 

C =
κϵ0A

d
=

(1.00)(8.85 × 10−12C2 /N ⋅ m2) (2.30 × 10−4 m2)
1.50 × 10−3 m

= 1.36 × 10−12 F = 1.36pF

Q = CΔV = (1.36pF)(12.0 V) = 16.3pC

E = ΔV
d = 12.0 V

1.50 × 10−3 m
= 8.00 × 103 V/m
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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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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 
▪   

▪  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. 

▪

ΔV1 = ΔV2 = ΔV
ΔV

Qtot = Q1 + Q2
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Capacitors in Parallel, 3

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

▪ The equivalent capacitor must 
have exactly the same external 
effect on the circuit as the original 
capacitors.

Ceq
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Capacitors in Parallel, final

  

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

▪ Essentially, the areas are combined

Ceq = C1 + C2 + C3 + …
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Capacitors in Series

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

 through the battery. 

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

All of the right plates gain charges of 
 and all the left plates have 

charges of .

C1
C2

C2

C2

−Q
+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. 

	  
The equivalent capacitance is 

 

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

ΔVtot = ΔV1 + ΔV2 + …

1
Ceq

=
1
C1

+
1
C2

+
1
C3

+ …
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Find the equivalent capacitance between  and  for the 
combination of capacitors shown in the figure. All 
capacitances are in microfarads.

a b

Example 25.03: Equivalent Capacitance







Ceq = C1 + C2 = 4.0μ F

Ceq = C1 + C2 = 8.0μ F
1

Ceq
=

1
C1

+
1
C2

=
1

4.0μ F
+

1
4.0μ F

=
1

2.0μ F
Ceq = 2.0μ F

1
Ceq

=
1
C1

+
1
C2

=
1

8.0μ F
+

1
8.0μ F

=
1

4.0μ F
Ceq = 4.0μ F
Ceq = C1 + C2 = 6.0μ F
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In general, the total potential difference across any number of capacitors connected 
in series is the sum of the potential differences across the individual capacitors.

Suppose the equivalent single capacitor in Figure 25.8c has the same effect on 
the circuit as the series combination when it is connected to the battery. After it is 
fully charged, the equivalent capacitor must have a charge of 2Q  on its right plate 
and a charge of 1Q  on its left plate. Applying the definition of capacitance to the 
circuit in Figure 25.8c gives

 DVtot 5
Q

C eq

 

Substituting this result into Equation 25.11, we have

 
Q

C eq

5
Q 1

C 1

1
Q 2

C 2

 

Canceling the charges because they are all the same (Eq. 25.10) gives

 
1

C eq

5
1

C 1

1
1

C 2

 sseries combinationd 

When this analysis is applied to three or more capacitors connected in series, the 
relationship for the equivalent capacitance is

 
1

C eq

5
1

C 1

1
1

C 2

1
1

C 3

1 Á  sseries combinationd (25.12)

This expression shows that (1) the inverse of the equivalent capacitance is the alge-
braic sum of the inverses of the individual capacitances and (2) the equivalent 
capacitance of a series combination is always less than any individual capacitance 
in the combination.

Q UICK QUIZ 25.3  Two capacitors are identical. They can be connected in 
series or in parallel. If you want the smallest equivalent capacitance for the com-
bination, how should you connect them? (a) in series (b) in parallel (c)!either 
way because both combinations have the same capacitance

    Equivalent capacitance for 
capacitors in series

 Example 25.3     Equivalent Capacitance

Find the equivalent capacitance between a and b for the 
combination of capacitors shown in Figure 25.9a. All 
capacitances are in microfarads.

S O L U T I O N

Conceptualize  Study Figure 25.9a carefully and make sure 
you understand how the capacitors are connected. Verify 
that there are only series and parallel connections between 
capacitors.

Categorize  Figure 25.9a shows that the circuit contains 
both series and parallel connections, so we use the rules for 
series and parallel combinations discussed in this section.

Analyze  Using Equations 25.9 and 25.12, we reduce the combination step by step as indicated in the figure. As you follow 
along below, notice that in each step we replace the combination of two capacitors in the circuit diagram with a single capaci-
tor having the equivalent capacitance.

The 1.0-mF and 3.0-mF capacitors (upper red-brown circle in Fig. 25.9a)  Ceq 5 C 1 1 C 2 5 4.0 mF 
are in parallel. Find the equivalent capacitance from Equation 25.9: continued

4.0
4.0

8.0
8.0

ba

4.0

ba

2.0

6.0 ba

4.0

8.0

ba

2.0

6.0

3.0

1.0

a b c d

Figure 25.9  (Example 25.3) To find the equivalent capacitance of 
the capacitors in (a), we reduce the various combinations in steps 
as indicated in (b), (c), and (d), using the series and parallel rules 
described in the text. All capacitances are in microfarads.
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Find the equivalent capacitance of a  capacitor and an  capacitor when they are 
connected (a) in series and (b) in parallel.

4.20 − μF 8.50 − μF

Problem 25.07:

(a) When connected in series, the equivalent capacitance is





(b) When connected in parallel, the equivalent capacitance is


1
Ceq

=
1
C1

+
1
C2

,  or 

1
Ceq

=
1
C1

+
1
C2

=
1

4.20μ F
+

1
8.50μ F

→ Ceq = 2.81μ F

Ceq = C1 + C2 = 4.20μ F + 8.50μ F = 12.70μ F
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A group of identical capacitors is connected first in series and then in parallel. The combined capacitance 
in parallel is  times larger than for the series connection. How many capacitors are in the group?100

Problem 25.09:

Call  the capacitance of one capacitor and  the number of capacitors. The equivalent capacitance for  capacitors in 
parallel is





The relationship for  capacitors in series is


C n n

Cp = C1 + C2 + ⋯ + Cn = nC

n

1
Cs

=
1
C1

+
1
C2

+ ⋯ +
1
Cn

=
n
C

 Therefore, 
Cp

Cs
=

nC
C/n

= n2  or  n = Cp /Cs = 100 = 10
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Four capacitors are connected as shown in the figure. (a) Find the equivalent capacitance between points 
 and . (b) Calculate the charge on each capacitor, taking  .a b ΔVab = 15.0 V

Problem 25.11:

(a) 








(b) We find the charge on each capacitor and the voltage across each by working 
backwards through solution figures (c) - (a), alternately applying  and 

 to every capacitor, real or equivalent.





,  








1
(1/15.0 μF) + (1/3.00 μF)

= 2.50 μF

(2.5 μF) + (6 μF) = 8.50 μF

1
(1/8.50 μF) + (1/20.00 μF)

= 5.96 μF

Q = CΔV
ΔV = Q /C

Q20 = CΔV = (5.96 μF)(15.0 V)
= 89.5μC

ΔVac =
Q
C

=
89.5μC
8.50μ F

= 10.5 V ΔVcb =
Q
C

=
89.5μC
20.0μ F

= 4.47 V

Q3 = Q15 = CΔV = (2.50 μF)(10.5 V) = 26.3 μC

Q6 = CΔV = (6.00 μF)(10.5 V) = 63.2 μC

Section  25.3

on the upper plate on the right? (b) Is this equilibrium 
stable or unstable?

2. ACTIVITY  Your group is performing electrical experiments 
in your physics laboratory. Your supply of capacitors in the 
stockroom has run low and you have only two different  
values of capacitance available: 20 mF and 50 mF. You 
have a large number of each of these capacitors. (a) Your  

experiments require a 45-mF capacitor and a 35-mF capac-
itor. Split your group into two halves. Group (i) will deter-
mine how to form a 45-mF capacitor from your supply, while 
group (ii) will do the same for a 35-mF capacitor. (b) After 
working on the experiment for a while, you realize you 
now need a 105-mF capacitor. Have your whole group work 
together to find at least three ways to combine the capaci-
tors in your stockroom to generate 105 mF.

Problems
See the Preface for an explanation of the icons used in this problems set. 
For additional assessment items for this section, go to 

SECTION 25.1  Definition of Capacitance

1. (a) When a battery is connected to the plates of a  
3.00-mF capacitor, it stores a charge of 27.0 mC. What is the 
voltage of the battery? (b) If the same capacitor is connected 
to another battery and 36.0 mC of charge is stored on the 
capacitor, what is the voltage of the battery?

2. Two conductors having net charges of 110.0 mC and 
210.0! mC have a potential difference of 10.0 V between 
them. (a) Determine the capacitance of the system. (b)!What 
is the potential difference between the two conductors if the 
charges on each are increased to 1100 mC and 2100 mC?

SECTION 25.2  Calculating Capacitance

3. 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?

4. An air-filled parallel-plate capacitor has plates of area 
2.30! cm2 separated by 1.50 mm. (a) Find the value of its 
capacitance. The capacitor is connected to a 12.0-V battery. 
(b) What is the charge on the capacitor? (c) What is the 
magnitude of the uniform electric field between the plates?

5. A variable air capacitor used 
in a radio tuning circuit 
is made of N semicircular 
plates, each of radius R and 
positioned a distance d from 
its neighbors, to which it is 
electrically connected. As 
shown in Figure P25.5, a sec-
ond identical set of plates is 
enmeshed with the first set. 
Each plate in the second set 
is halfway between two plates 
of the first set. The second 
set can rotate as a unit. Deter-
mine the capacitance as a function of the angle of rotation 
u, where u 5 0 corresponds to the maximum capacitance.

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

SECTION 25.3  Combinations of Capacitors

7. Find the equivalent capacitance of a 4.20-mF capacitor and 
an 8.50-mF capacitor when they are connected (a) in series 
and (b) in parallel.

8. Why is the following situation impossible? A technician is testing 
a circuit that contains a capacitance C. He realizes that a 
better design for the circuit would include a capacitance 73C  
rather than C. He has three additional capacitors, each with 
capacitance C. By combining these additional capacitors in 
a certain combination that is then placed in parallel with 
the original capacitor, he achieves the desired capacitance.

9. A group of identical capacitors is connected first in series 
and then in parallel. The combined capacitance in paral-
lel is 100 times larger than for the series connection. How 
many capacitors are in the group?

10. Three capacitors are connected to a battery as shown in 
Figure P25.10. Their capac-
itances are C 1 5 3C, C 2! 5 
C, and C3 5 5C. (a) What  
is the equivalent capacitance 
of this set of capacitors?  
(b) State the ranking of the 
capacitors according to the 
charge they store from largest 
to smallest. (c) Rank the capac-
itors according to the potential 
differences across them from largest to smallest. (d)!What 
If? Assume C3 is increased. Explain what happens to the 
charge stored by each capacitor.

11. Four capacitors are connected as shown in Figure P25.11. 
(a)! Find the equivalent capacitance between points a and 
b. (b) Calculate the charge on each capacitor, taking DVab!5 
15.0 V.

6.00 !F

20.0 !F

3.00 !F15.0 

a 

!F

b 

Figure P25.11

12. (a) Find the equivalent capacitance between points a and 
b for the group of capacitors connected as shown in Figure 
P25.12 (page 686). Take C1 5 5.00 mF, C2! 5 10.0 mF, and  

V

T

T

V

!

d

R

Figure P25.5

C2 C3

C1

2

1

Figure P25.10

 Problems 685
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   Next, the 2.50-∝F capacitor combines in parallel with the 6.00-

∝F capacitor, creating an equivalent capacitance of 8.50 ∝F. At 

last, this 8.50-∝F equivalent capacitor and the 

20.0-∝F capacitor are in series, equivalent to  

   
 

  (b) We find the charge on each capacitor and the 

voltage across each by working backwards 

through solution figures (c) − (a), alternately 

applying and to every 

capacitor, real or equivalent. For the 5.96-∝F 

capacitor, we have  

      

   Thus, if a is higher in potential than b, just 89.5 

∝C flows between the wires and the plates to charge the capacitors 

in each picture. In (b) we have, for the 8.5-∝F capacitor, 

     

   and for the 20.0-∝F capacitor in (b), (a), and the original circuit, 

we have Q20 = 89.5 ∝C. Then  

     

   Next, the circuit in diagram (a) is equivalent to that in (b), so  

= 4.47 V and = 10.5 V. 

(a) 

(b) 

 
(c) 

ANS. FIG. P25.11 



(a) Find the equivalent capacitance between points  and  for the group of capacitors connected as 
shown in the figure. Take , and . (b) What charge is stored on 

 if the potential difference between points  and  is  ?

a b
C1 = 5.00μ F, C2 = 10.0μ F C3 = 2.00μ F

C3 a b 60.0 V

Problem 25.12:
















Cs = ( 1
5.00

+
1

10.0 )
−1

= 3.33 μF

Cupper = 2(3.33) + 2.00 = 8.67 μF

Clower = 2(10.0) = 20.0 μF

Ceq = ( 1
8.67

+
1

20.0 )
−1

= 6.05 μF

Qupper = Qeq = CeqΔV = (6.05μF )(60.0 V) ≃ 363μC

ΔVupper =
Qeq

Ceq
=

363μC
8.67μF

≃ 41.9 V

 Therefore, the charge on C3 is 
Q3 = C3ΔV3 ≃ (2.00μF )(41.9 V) = 83.7μC

Section  25.3
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C3 5 2.00 mF. (b) What charge is stored on C3 if the poten-
tial difference between points a and b is 60.0 V?

C2 C2

C1 C1

C2 C2

C3

b

a

Figure P25.12

13. Find the equivalent capacitance between points a and b in 
the combination of capacitors shown in Figure P25.13.

ba

6.0 !F

5.0 !F
7.0 !F

4.0 !F

Figure P25.13

14. You are working at an electronics fabrication shop. Your 
current project is on the team producing capacitors for 
the timer circuit that delays the closing of an elevator door. 
According to its design specification, the timer circuit is 
to have a capacitance of 32.0 mF between two points A and 
B. As your capacitors come off the assembly line, you find 
that they have a variation of 65.00% from this value. After 
a team meeting to evaluate this situation, the team decides 
that capacitances in the range 32.0 6 0.5 mF are acceptable 
and do not need modification. For capacitances outside this 
range, the director does not wish to discard the capacitors, 
but rather to add extra capacitors in series or parallel with 
the main capacitor to bring the total equivalent capacitance 
to the exact design value of 32.0 mF. You are put in charge of 
procuring the extra capacitors. What range of capacitances 
for these extra capacitors do you need to cover the entire 
range of variation of 65.00%? All capacitances can be mea-
sured to three significant figures.

15. Two capacitors give an equivalent capacitance of  
9.00 pF when connected in parallel and an equivalent 
capacitance of 2.00 pF when connected in series. What is 
the capacitance of each capacitor?

16. Two capacitors give an equivalent capacitance of Cp when 
connected in parallel and an equivalent capacitance of Cs 
when connected in series. What is the capacitance of each 
capacitor?

SECTION 25.4  Energy Stored in a Charged Capacitor

17. A 3.00-mF capacitor is connected to a 12.0-V battery.  
How much energy is stored in the capacitor? (b) Had the 
capacitor been connected to a 6.00-V battery, how much 
energy would have been stored?

18. Two capacitors, C1 5 18.0 mF and C2 5 36.0 mF, are con-
nected in series, and a 12.0-V battery is connected across 

the two capacitors. Find (a) the equivalent capacitance 
and (b) the energy stored in this equivalent capaci-
tance. (c) Find the energy stored in each individual  
capacitor. (d) Show that the sum of these two energies is the 
same as the energy found in part (b). (e) Will this equality 
always be true, or does it depend on the number of capaci-
tors and their capacitances? (f) If the same capacitors were 
connected in parallel, what potential difference would be 
required across them so that the combination stores the 
same energy as in part (a)? (g) Which capacitor stores more 
energy in this situation, C1 or C2?

19. Two identical parallel-plate capacitors, each with capac-
itance 10.0 mF, are charged to potential difference 50.0 V 
and then disconnected from the battery. They are then con-
nected to each other in parallel with plates of like sign con-
nected. Finally, the plate separation in one of the capacitors 
is doubled. (a) Find the total energy of the system of two 
capacitors before the plate separation is doubled. (b) Find 
the potential difference across each capacitor after the plate 
separation is doubled. (c) Find the total energy of the sys-
tem after the plate separation is doubled. (d) Reconcile the 
difference in the answers to parts (a) and (c) with the law of 
conservation of energy.

20. Two identical parallel-plate capacitors, each with capacitance 
C, are charged to potential difference DV and then discon-
nected from the battery. They are then connected to each 
other in parallel with plates of like sign connected. Finally, 
the plate separation in one of the capacitors is doubled.  
(a) Find the total energy of the system of two capacitors before 
the plate separation is doubled. (b)!Find the potential differ-
ence across each capacitor after the plate separation is doubled. 
(c) Find the total energy of the system after the plate separa-
tion is doubled. (d) Reconcile the difference in the answers to 
parts (a) and (c) with the law of conservation of energy.

21. Two capacitors, C1 5 25.0 mF and C2 5 5.00 mF, are con-
nected in parallel and charged with a 100-V power supply. 
(a) Draw a circuit diagram and (b) calculate the total energy 
stored in the two capacitors. (c) What If? What potential dif-
ference would be required across the same two capacitors 
connected in series for the combination to store the same 
amount of energy as in part (b)? (d) Draw a circuit diagram 
of the circuit described in part (c).

22. A parallel-plate capacitor has a charge Q and plates of 
area A. What force acts on one plate to attract it toward 
the other plate? Because the electric field between the 
plates is E 5 Q /Ae0, you might think the force is F 5  
QE 5 Q 2/Ae0. This conclusion is wrong because the field E 
includes contributions from both plates, and the field cre-
ated by the positive plate cannot exert any force on the pos-
itive plate. Show that the force exerted on each plate is actu-
ally F 5 Q 2/2Ae0. Suggestion: Let C 5 e0A/x for an arbitrary 
plate separation x and note that the work done in separating 
the two charged plates is W 5 e F dx.

23. Consider two conducting spheres with radii R1 and R 2 sep-
arated by a distance much greater than either radius. A 
total charge Q is shared between the spheres. We wish to 
show that when the electric potential energy of the system 
has a minimum value, the potential difference between 
the spheres is zero. The total charge Q is equal to q1 1 q2, 
where q1 represents the charge on the first sphere and q2 
the charge on the second. Because the spheres are very far 

CR
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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  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 

q

dW = ΔVdq =
q
C

dq

W = ∫
Q

0

q
C

dq =
1
C ∫

Q

0
qdq =

Q2

2C
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Energy, cont

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

 

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.

U

UE =
Q2

2C
=

1
2

QΔV =
1
2

C(ΔV )2
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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: 

 

It can also be expressed in terms of the energy density (energy per unit volume). 

UE =
1
2 ( ϵ0A

d )(Ed)2 =
1
2 (ϵ0Ad) E2

uE =
1
2

ϵ0E2
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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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Two capacitors  and  (where  ) are charged to the same initial potential difference 
. The charged capacitors are removed from the battery, and their plates are connected with 

opposite polarity as in the figure a. The switches  and  are then closed as in the figure b. 

(A) Find the final potential difference  between  and  after the switches are closed. 

(B) Find the total energy stored in the capacitors before and after the switches are closed and 
determine the ratio of the final energy to the initial energy.

C1 C2 C1 > C2
ΔVi

S2 S2

ΔVf a b

Example 25.04: Rewiring Two Charged Capacitors

(1) 


(2) 






(3) 


(4) 






Qi = Q1i + Q2i = C1ΔVi − C2ΔVi = (C1 − C2) ΔVi

Qf = Q1f + Q2 f = C1ΔVf + C2ΔVf = (C1 + C2) ΔVf

Qf = Qi → (C1 + C2) ΔVf = (C1 − C2) ΔVi

ΔVf = ( C1 − C2

C1 + C2 ) ΔVi

Ui = 1
2 C1 (ΔVi)2 + 1

2 C2 (ΔVi)2 = 1
2 (C1 + C2) (ΔVi)2

Uf =
1
2

C1 (ΔVf)
2

+
1
2

C2 (ΔVf)
2

=
1
2 (C1 + C2) (ΔVf)

2
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Because the curve in Figure 25.11 is a straight line, the total area under the curve is 
that of a triangle of base Q and height DV.

Equation 25.13 applies to any capacitor, regardless of its geometry. For a given 
capacitance, the stored energy increases as the charge and the potential difference 
increase. In practice, there is a limit to the maximum energy (or charge) that can 
be stored because, at a sufficiently large value of DV, discharge ultimately occurs 
between the plates. For this reason, capacitors are usually labeled with a maximum 
operating voltage.

We can consider the energy in a capacitor to be stored in the electric field cre-
ated between the plates as the capacitor is charged. This description is reason-
able because the electric field is proportional to the charge on the capacitor. For 
a  parallel-plate capacitor, the potential difference is related to the electric field 
through the relationship DV 5 Ed. Furthermore, its capacitance is C 5 e0A/d  
(Eq. 25.3). Substituting these expressions into Equation 25.13 gives

 UE 5 1
2 S !0 A

d D sEdd2 5 1
2 s!0AddE 2  (25.14)

Because the volume occupied by the electric field is Ad, the energy per unit volume  
uE 5 UE/Ad, known as the energy density, is

 uE 5 1
2 !0 E 2 (25.15)

Although Equation 25.15 was derived for a parallel-plate capacitor, the expression 
is generally valid regardless of the source of the electric field. That is, the energy 
density in any electric field is proportional to the square of the magnitude of the 
electric field at a given point.

Q UICK QUIZ 25.4  You have three capacitors and a battery. In which of the 
following combinations of the three capacitors is the maximum possible energy 
stored when the combination is attached to the battery? (a) series (b) parallel (c) 
no difference because both combinations store the same amount of energy

 Energy density in 
an electric field

PITFALL PREVENTION 25.4
Not a New Kind of Energy  
The energy given by Equation 
25.14 is not a new kind of energy. 
The equation describes familiar 
electric potential energy associ-
ated with a system of separated 
source charges. Equation 25.14 
provides a new interpretation, or a 
new way of modeling the energy. 
Furthermore, Equation 25.15 cor-
rectly describes the energy density 
associated with any electric field, 
regardless of the source.

 Example 25.4     Rewiring Two Charged Capacitors

Two capacitors C 1 and C 2 (where C1 . C 2) are charged to the 
same initial potential difference DVi . The charged capacitors 
are removed from the battery, and their plates are connected 
with opposite polarity as in Figure 25.12a. The switches S1 and 
S2 are then closed as in Figure 25.12b.

(A) Find the final potential difference DVf  between a and b after 
the switches are closed.

S O L U T I O N

Conceptualize  Figure 25.12 helps us understand the initial and 
final configurations of the system. When the switches are closed, 
the charge on the system will redistribute between the capacitors 
until both capacitors have the same final potential difference. 
Because C 1 . C 2, more charge exists on C 1 than on C 2, so the 
final configuration will have positive charge on the left plates as 
shown in Figure 25.12b.

Categorize  In Figure 25.12b, it might appear as if the capacitors are connected in parallel, but there is no battery in this 
circuit to apply a voltage across the combination. Therefore, we cannot categorize this problem as one in which capacitors are 
connected in parallel. We can categorize it as a problem involving an isolated system for electric charge. The left-hand plates of 
the capacitors form an isolated system because they are not connected to the right-hand plates by conductors.

1 2

Q1i
1

ba

2
C1

Q 2i
2 1

C2

S1 S2

1

ba

2

S1 S2

Q1f
C1

Q 2f C2

a b

Figure 25.12  (Example 25.4) (a) Two capacitors are 
charged to the same initial potential difference and con-
nected together with plates of opposite sign to be in contact 
when the switches are closed. (b) When the switches are 
closed, the charges redistribute.
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(5)





(6) 

Uf =
1
2 (C1 + C2) [( C1 − C2

C1 + C2 ) ΔVi]
2

=
1
2

(C1 − C2)2 (ΔVi)2

C1 + C2

Uf

Ui
=

1
2 (C1 − C2)2 (ΔVi)2 /(C1 + C2)

1
2 (C1 + C2) (ΔVi)2

Uf

Ui
= ( C1 − C2

C1 + C2 )
2



A  capacitor is connected to a  battery. How much energy is stored in the capacitor? (b) 
Had the capacitor been connected to a  battery, how much energy would have been stored?

3.00 − μF 12.0 − V
6.00 − V

Problem 25.17:

(a) 


(b) 

UE = 1
2 C(ΔV )2 = 1

2 (3.00μ F)(12.0 V)2 = 216μ J

UE = 1
2 C(ΔV )2 = 1

2 (3.00μ F)(6.00 V)2 = 54.0μ J
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A uniform electric field  exists within a certain region. What volume of space contains an 
energy equal to  ? Express your answer in cubic meters and in liters.

E = 3000 V/m
1.00 × 10−7 J

Problem 25.35:

uE =
UE

V
=

1
2

ϵ0E2

 Solving for the volume gives 

V =
UE

1
2 ϵ0E2

=
1.00 × 10−7 J

1
2 (8.85 × 10−12C2 /N ⋅ m2)(3000 V/m)2

= 2.51 × 10−3 m3 = (2.51 × 10−3 m3) ( 1000 L
m3 ) = 2.51 L
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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 .  

▪ 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.

C = κCo
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Dielectrics, cont

For a parallel-plate capacitor,  

In theory,  could be made very small to create a very large capacitance. 

In practice, there is a limit to . 

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

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

C = κ(εoA)/d
d

d
d

d
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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  and increases .d C

Section  25.5
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That is, the capacitance increases by the factor k when the dielectric completely fills 
the region between the plates. Because C0 5 e0A/d (Eq. 25.3) for a parallel-plate 
capacitor, we can express the capacitance of a parallel-plate capacitor filled with a 
dielectric as

 C 5 ! 
"0A

d
 (25.17)

In Figure 25.13a, the plates were charged with a battery to voltage DV0. Then the 
battery was removed and replaced with a voltmeter. Suppose the battery remains 
connected to the plates as we insert the dielectric. In this case, the voltage between 
the plates is fixed by the battery and cannot change. What we find is that charges 
flow between the battery and the plates in order to hold the voltage constant. We 
find that the charge on the capacitor changes to Q 5 kQ0 after the dielectric is 
inserted. Evaluating the capacitance in this situation gives the same result as in 
Equation 25.16.

From Equation 25.17, it would appear that the capacitance could be made very 
large by inserting a dielectric between the plates and decreasing d. In practice, the 
lowest value of d is limited by the electric discharge that could occur through the 
dielectric medium separating the plates. For any given separation d, the maximum 
voltage that can be applied to a capacitor without causing a discharge depends on 
the dielectric strength (maximum electric field) of the dielectric. If the magnitude 
of the electric field in the dielectric exceeds the dielectric strength, the insulating 
properties break down and the dielectric begins to conduct.

Physical capacitors have a specification called by a variety of names, including 
working voltage, breakdown voltage, and rated voltage. This parameter represents the 
largest voltage that can be applied to the capacitor without exceeding the dielectric 
strength of the dielectric material in the capacitor. Consequently, when selecting 
a capacitor for a given application, you must consider its capacitance as well as the 
expected voltage across the capacitor in the circuit, making sure the expected volt-
age is smaller than the rated voltage of the capacitor.

Insulating materials have values of k greater than unity and dielectric strengths 
greater than that of air as Table 25.1 indicates. Therefore, a dielectric provides the 
following advantages:

 � An increase in capacitance
 � An increase in maximum operating voltage
 � Possible mechanical support between the plates, which allows the plates to be 

close together without touching, thereby decreasing d and increasing C

C0 Q 0

2
1

C Q 0

Dielectric

VV0

2
1

D D

The potential 
difference across the 
charged capacitor is 
initially DV0.

After the dielectric is inserted between 
the plates, the charge remains the same, 
but the potential difference decreases 
and the capacitance increases.

a b

Figure 25.13 A charged capaci-
tor (a) before and (b) after  
insertion of a dielectric with  
k = 2.00 between the plates.

 TABLE 25.1  Approximate 
Dielectric Constants and 
Dielectric Strengths of Various 
Materials at Room Temperature

Material
Dielectric 

Constant k

Dielectric 
Strengtha 
(106 V/m)

Air (dry) 1.000 59  3
Bakelite 4.9 24
Fused quartz 3.78  8
Mylar 3.2  7
Neoprene 

rubber
6.7 12

Nylon 3.4 14
Paper 3.7 16
Paraffin-

impregnated 
paper

3.5 11

Polyethylene 2.30 18
Polystyrene 2.56 24
Polyvinyl 

chloride
3.4 40

Porcelain 6 12
Pyrex glass 5.6 14
Silicone oil 2.5 15
Strontium 

titanate
233  8

Teflon 2.1 60
Vacuum 1.000 00 —
aThe dielectric strength equals the 
maximum electric field that can exist in 
a dielectric without electrical breakdown. 
These values depend strongly on the 
presence of impurities and flaws in the 
materials.
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A parallel-plate capacitor is charged with a battery to a charge . The battery is then removed, and a slab of 
material that has a dielectric constant  is inserted between the plates. Identify the system as the capacitor 
and the dielectric. Find the energy stored in the system before and after the dielectric is inserted.

Q0
κ

Example 25.05: Energy Stored Before and After

U0 =
Q0

2

2C0

UE =
Q0

2

2C

UE =
Q0

2

2κC0
=

U0

κ
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Determine (a) the capacitance and (b) the maximum potential difference that can be applied to a Teflon-filled 
parallel-plate capacitor having a plate area of  and a plate separation of .1.75 cm2 0.04 mm

Problem 25.25:

(a)





(b)


C =
κ ∈0 A

d
=

2.10 (8.85 × 10−12 F/m) (1.75 × 10−4 m2)
4.00 × 10−5 m

= 8.13 × 10−11 F

= 81.3pF

ΔVmax = Emaxd = (60.0 × 106 V/m) (4.00 × 10−5 m) = 2.40kV
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