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Ηλεκτρική χωρητικότητα

Κώστας Βελλίδης

Ένας αποµονωµένος αγωγός µε συνολικό φορτίο Q έχει δυναµικό V0 ( σε σχέση µε το V=0 
στο άπειρο), σταθερό σε όλο του τον όγκο, διαφορετικά τα φορτία θα µετακινούνταν µέχρι 
όλες οι τοπικές διαφορές δυναµικού να µηδενιστούν (διαφορά δυναµικού συνεπάγεται 
ηλεκτρικό πεδίο).

Q = CV0

Το φορτίο Q είναι ανάλογο του δυναµικού V0, µε µια σταθερή αναλογίας που εξαρτάται µόνο 
από το µέγεθος και το σχήµα του αγωγού:

Η σταθερή C είναι χαρακτηριστική ιδιότητα του αγωγού και ονοµάζεται χωρητικότητα του 
αγωγού, µε µονάδα στο SI το farad:

1 F = 1 farad = 1
coulomb

volt
= 1

C
J/C

= 1
C2 ⋅ s2

kg ⋅ m2

Παραδείγµατα: V0 =
Q

4πε0a
⇒ C = 4πε0a Χωρητικότητα οµογενούς σφαίρας ακτίνας a.

V0 =
Q

2πε0a
⇒ C = 2πε0a Χωρητικότητα οµογενούς δίσκου ακτίνας a.

• Η χωρητικότητα περιλαµβάνει πάντα έναν παράγοντα ε0 και ένα µήκος (⇒ η διάσταση 
του ε0 είναι F/m), άρα για δεδοµένο σχήµα αγωγού είναι ανάλογη του µεγέθους του.

• To farad είναι πολύ µεγάλη µονάδα: η χωρητικότητα µιας σφαίρας µεγέθους της Γης είναι 
 F. Συνήθως χρησιµοποιείται το pF=  F.7 × 10−4 10−12
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Η χωρητικότητα ως χαρακτηριστική ιδιότητα του αγωγού

Κώστας Βελλίδης

Ο ορισµός της χωρητικότητας δεν εγγυάται ότι αυτή είναι σταθερή για έναν οποιονδήποτε 
αγωγό. Μπορούµε να δείξουµε ότι τo φορτίο Q και το δυναµικό V είναι ανάλογα για αγωγό 
οποιουδήποτε µεγέθους και σχήµατος και συνεπώς η χωρητικότητα C εξαρτάται µόνο από 
τη γεωµετρία του.

Από το θεώρηµα µοναδικότητας γνωρίζουµε ότι υπάρχει µόνο µία κατανοµή φορτίου στην 
επιφάνεια του αγωγού που µπορεί να δηµιουργήσει το δεδοµένο δυναµικό. Θεωρώντας τον 
αγωγό σε δύο διαφορετικά δυναµικά V1 και V2, παραγόµενα από δύο διαφορετικές 
επιφανειακές πυκνότητες φορτίου σ1 και σ2, οι σχέσεις τους θα είναι:

V1 =
1

4πε0 ∮S

σ1dS
r

V2 =
1

4πε0 ∮S

σ2dS
r

όπου τα ολοκληρώµατα εκτείνονται πάνω σε όλη την επιφάνεια S του αγωγού.

V2 = nV1 =
n

4πε0 ∮S

σ1dS
r

δηλαδή το V2 δηµιουργείται από τις κατανοµές φορτίου σ2 και nσ1, οπότε το θεώρηµα 
µοναδικότητας δίνει σ2=nσ1.

Θέτοντας V2/V1=n:

Q2 = ∮S
σ2dS = n∮S

σ1dS = nQ1 ⇒
Q2

Q1
= n =

V2

V1

δηλαδή το φορτίο Q και το δυναµικό V είναι ανάλογα. Συνεπώς η χωρητικότητα C=Q/V είναι 
µια σταθερή του αγωγού.

Άρα, για τα φορτία του αγωγού στις δύο περιπτώσεις ισχύει:
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Πυκνωτές

Κώστας Βελλίδης

C H A P T E R

656

C A P A C I TA N C E25
W H AT  I S  P H YS I C S ?25-1 One goal of physics is to provide the basic science for practical devices

designed by engineers. The focus of this chapter is on one extremely common 
example—the capacitor, a device in which electrical energy can be stored. For ex-
ample, the batteries in a camera store energy in the photoflash unit by charging a
capacitor. The batteries can supply energy at only a modest rate, too slowly for
the photoflash unit to emit a flash of light. However, once the capacitor is
charged, it can supply energy at a much greater rate when the photoflash unit is
triggered—enough energy to allow the unit to emit a burst of bright light.

The physics of capacitors can be generalized to other devices and to any situ-
ation involving electric fields. For example, Earth’s atmospheric electric field is
modeled by meteorologists as being produced by a huge spherical capacitor that
partially discharges via lightning. The charge that skis collect as they slide along
snow can be modeled as being stored in a capacitor that frequently discharges as
sparks (which can be seen by nighttime skiers on dry snow).

The first step in our discussion of capacitors is to determine how much
charge can be stored.This “how much” is called capacitance.

25-2 Capacitance
Figure 25-1 shows some of the many sizes and shapes of capacitors. Figure 25-2
shows the basic elements of any capacitor — two isolated conductors of any

Fig. 25-1 An assortment of capacitors.

Fig. 25-2 Two conductors, isolated
electrically from each other and from
their surroundings, form a capacitor.
When the capacitor is charged, the
charges on the conductors, or plates as
they are called, have the same magni-
tude q but opposite signs.
(Paul Silvermann/Fundamental
Photographs)

+q –q
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Ένα ζεύγος αγωγών φορτισµένων µε αντίθετα φορτία ίδιου 
µέτρου q ονοµάζεται πυκνωτής. Σε αυτή την περίπτωση, η 
χωρητικότητα του πυκνωτή ορίζεται από τη σχέση:

C =
q

ΔV ή απλά C =
q
V

συµβολίζοντας µε V 
τη διαφορά δυναµικού 
ΔV των δύο αγωγών.

Η χωρητικότητα C είναι τώρα χαρακτηριστική ιδιότητα της γεωµετρίας του συστήµατος, 
δηλαδή του σχήµατος και µεγέθους των δύο αγωγών και της σχετικής τους απόστασης.

Για τον υπολογισµό της C, υπολογίζουµε πρώτα το φορτίο q εφαρµόζοντας το νόµο του 
Gauss σε µια επιφάνεια που περικλείει τον θετικά φορτισµένο αγωγό και είναι κάθετη στο 
πεδίο εκεί που αυτό γίνεται οµογενές:

q = ε0 ∮ E ⋅ dA = ε0EA

και στη συνέχεια τη διαφορά δυναµικού από το επικαµπύλιο ολοκλήρωµα κατά µήκος µιας 
δυναµικής γραµµής του πεδίου, όπου τα διανύσµατα E και ds είναι αντιπαράλληλα, από τον 
αρνητικά στον θετικά φορτισµένο αγωγό:

V ≡ Vf − Vi = − ∫
f

i
E ⋅ ds = ∫

+

−
Eds
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Παραδείγµατα πυκνωτών:

παράλληλες πλάκες, κυλινδρικοί, σφαιρικοί

Κώστας Βελλίδης

Στον πυκνωτή παράλληλων πλακών το πεδίο 
µεταξύ των πλακών είναι οµογενές:

q = ε0EA

V = ∫
+

−
Eds = E∫

+

−
ds = Ed} ⇒ C =

ε0A
d

25-3 Calculating the Capacitance
Our goal here is to calculate the capacitance of a capacitor once we know its
geometry. Because we shall consider a number of different geometries, it seems
wise to develop a general plan to simplify the work. In brief our plan is as follows:
(1) Assume a charge q on the plates; (2) calculate the electric field between
the plates in terms of this charge, using Gauss’ law; (3) knowing , calculate the
potential difference V between the plates from Eq. 24-18; (4) calculate C from
Eq. 25-1.

Before we start, we can simplify the calculation of both the electric field and
the potential difference by making certain assumptions. We discuss each in turn.

Calculating the Electric Field
To relate the electric field between the plates of a capacitor to the charge q on
either plate, we shall use Gauss’ law:

(25-3)

Here q is the charge enclosed by a Gaussian surface and is the net
electric flux through that surface. In all cases that we shall consider, the Gaussian
surface will be such that whenever there is an electric flux through it, will have
a uniform magnitude E and the vectors and will be parallel. Equation 25-3
then reduces to

q ! "0EA (special case of Eq. 25-3), (25-4)

in which A is the area of that part of the Gaussian surface through which there is a
flux. For convenience, we shall always draw the Gaussian surface in such a way that
it completely encloses the charge on the positive plate; see Fig. 25-5 for an example.

Calculating the Potential Difference
In the notation of Chapter 24 (Eq. 24-18), the potential difference between
the plates of a capacitor is related to the field by

(25-5)

in which the integral is to be evaluated along any path that starts on one plate
and ends on the other. We shall always choose a path that follows an electric
field line, from the negative plate to the positive plate. For this path, the vectors

and will have opposite directions; so the dot product will be equal
to #E ds.Thus, the right side of Eq. 25-5 will then be positive. Letting V represent
the difference Vf # Vi , we can then recast Eq. 25-5 as

(special case of Eq. 25-5), (25-6)

in which the # and $ remind us that our path of integration starts on the nega-
tive plate and ends on the positive plate.

We are now ready to apply Eqs. 25-4 and 25-6 to some particular cases.

A Parallel-Plate Capacitor
We assume, as Fig. 25-5 suggests, that the plates of our parallel-plate capacitor are
so large and so close together that we can neglect the fringing of the electric field

V ! !$

#
E ds

E
:

! d s:d s:E
:

Vf # Vi ! #!f

i
 E

:
! d s:,

E
:

dA
:

E
:

E
:

" E
:

! dA
:

"0 # E
:

! dA
:

! q.

E
:

E
:

E
:

Fig. 25-5 A charged parallel-plate ca-
pacitor. A Gaussian surface encloses the
charge on the positive plate. The integra-
tion of Eq. 25-6 is taken along a path ex-
tending directly from the negative plate to
the positive plate.

+ + + + + + + + + +  

– – – – – – – – – –  

Gaussian 
surface 

Path of  
integration 

+q 

–q 

A d 

We use Gauss' law to relate
q and E. Then we integrate the
E to get the potential difference.

65925-3 CALCU LATI NG TH E CAPACITANCE
PART 3

HALLIDAY REVISED
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660 CHAPTE R 25 CAPACITANCE

HALLIDAY REVISED

at the edges of the plates, taking to be constant throughout the region between
the plates.

We draw a Gaussian surface that encloses just the charge q on the positive
plate, as in Fig. 25-5. From Eq. 25-4 we can then write

q ! "0EA, (25-7)
where A is the area of the plate.

Equation 25-6 yields

(25-8)

In Eq. 25-8, E can be placed outside the integral because it is a constant; the sec-
ond integral then is simply the plate separation d.

If we now substitute q from Eq. 25-7 and V from Eq. 25-8 into the relation 
q ! CV (Eq. 25-1), we find

(parallel-plate capacitor). (25-9)

Thus, the capacitance does indeed depend only on geometrical factors—namely,
the plate area A and the plate separation d. Note that C increases as we increase
area A or decrease separation d.

As an aside, we point out that Eq. 25-9 suggests one of our reasons for writing
the electrostatic constant in Coulomb’s law in the form 1/4p"0. If we had not
done so, Eq. 25-9—which is used more often in engineering practice than
Coulomb’s law—would have been less simple in form. We note further that
Eq. 25-9 permits us to express the permittivity constant "0 in a unit more appro-
priate for use in problems involving capacitors; namely,

"0 ! 8.85 # 10$12 F/m ! 8.85 pF/m. (25-10)

We have previously expressed this constant as

"0 ! 8.85 # 10$12 C2/N % m2. (25-11)

A Cylindrical Capacitor
Figure 25-6 shows, in cross section, a cylindrical capacitor of length L formed by
two coaxial cylinders of radii a and b. We assume that L & b so that we can
neglect the fringing of the electric field that occurs at the ends of the cylinders.
Each plate contains a charge of magnitude q.

As a Gaussian surface, we choose a cylinder of length L and radius r, closed
by end caps and placed as is shown in Fig. 25-6. It is coaxial with the cylinders and
encloses the central cylinder and thus also the charge q on that cylinder. Equation
25-4 then relates that charge and the field magnitude E as

q ! "0EA ! "0E(2prL),

in which 2prL is the area of the curved part of the Gaussian surface. There is
no flux through the end caps. Solving for E yields

(25-12)

Substitution of this result into Eq. 25-6 yields

(25-13)

where we have used the fact that here ds ! $dr (we integrated radially inward).
From the relation C ! q/V, we then have

V ! !'

$
E ds ! $

q
2("0L

!a

b

dr
r

!
q

2("0L
 ln" b

a #,

E !
q

2("0Lr
.

C !
"0A

d

V ! !'

$
E ds ! E !d

0
ds ! Ed.

E
:

Fig. 25-6 A cross section of a long cylin-
drical capacitor, showing a cylindrical
Gaussian surface of radius r (that encloses
the positive plate) and the radial path of in-
tegration along which Eq. 25-6 is to be ap-
plied.This figure also serves to illustrate a
spherical capacitor in a cross section
through its center.
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Στον κυλινδρικό πυκνωτή το πεδίο είναι 
ακτινικό ως προς τον άξονα του πυκνωτή:

q = ε0EA = ε0E(2πrL) ⇒ E =
q

2πε0Lr

V = ∫
+

−
Eds = −

q
2πε0L ∫

a

b

dr
r

=
q

2πε0L
ln

b
a
} ⇒ C =

2πε0L
ln(b/a)

Στον σφαιρικό πυκνωτή το πεδίο είναι 
ακτινικό ως προς το κέντρο του πυκνωτή:

q = ε0EA = ε0E(4πr2) ⇒ E =
q

4πε0r2

V = ∫
+

−
Eds = −

q
4πε0 ∫

a

b

dr
r2

=
q

4πε0

b − a
ab

} ⇒ C = 4πε0
ba

b − a
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Πυκνωτές συνδεµένοι παράλληλα

Κώστας Βελλίδης

66325-4 CAPACITORS I N PARALLE L AN D I N S E R I E S
PART 3

HALLIDAY REVISED

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.

When we analyze a circuit of capacitors in parallel, we can simplify it with
this mental replacement:

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.

(You might remember this result with the nonsense word “par-V,” which is close
to “party,” to mean “capacitors in parallel have the same V.”) Figure 25-8b shows
the equivalent capacitor (with equivalent capacitance Ceq) that has replaced the
three capacitors (with actual capacitances C1, C2, and C3) of Fig. 25-8a.

To derive an expression for Ceq in Fig. 25-8b, we first use Eq. 25-1 to find the
charge on each actual capacitor:

q1 ! C1V, q2 ! C2V, and q3 ! C3V.

The total charge on the parallel combination of Fig. 25-8a is then

q ! q1 " q2 " q3 ! (C1 " C2 " C3)V.

The equivalent capacitance, with the same total charge q and applied potential
difference V as the combination, is then

a result that we can easily extend to any number n of capacitors, as

(n capacitors in parallel). (25-19)

Thus, to find the equivalent capacitance of a parallel combination, we simply add
the individual capacitances.

Capacitors in Series
Figure 25-9a shows three capacitors connected in series to battery B.This description
has little to do with how the capacitors are drawn. Rather,“in series” means that the
capacitors are wired serially, one after the other, and that a potential difference V is
applied across the two ends of the series. (In Fig. 25-9a, this potential difference V is
maintained by battery B.) The potential differences that then exist across the capaci-
tors in the series produce identical charges q on them.

Ceq ! !
n

j!1
 Cj

Ceq !
q
V

 ! C1 " C2 " C3,

Fig. 25-8 (a) Three capacitors connected
in parallel to battery B.The battery main-
tains potential difference V across its termi-
nals and thus across each capacitor. (b) The
equivalent capacitor, with capacitance Ceq,
replaces the parallel combination.

V 
+q3 

V – 
+ 

Terminal 

C3 

B 

(a)

–q

+q
V

+
–

(b)

Ceq

B

Terminal 

–q3 

+q2 

–q2 C2 

V 
+q1 

–q1 C1 

V 

Parallel capacitors and
their equivalent have
the same V (“par-V”).

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.

We can explain how the capacitors end up with identical charge by following
a chain reaction of events, in which the charging of each capacitor causes the
charging of the next capacitor. We start with capacitor 3 and work upward to
capacitor 1. When the battery is first connected to the series of capacitors, it
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Η τάση V που εφαρµόζεται στα άκρα πυκνωτών 
συνδεµένων παράλληλα είναι η ίδια σε κάθε πυκνωτή. 
Το συνολικό φορτίο που αποθηκεύεται στη συστοιχία 
των πυκνωτών είναι το άθροισµα των φορτίων όλων 
των πυκνωτών.

Πυκνωτές µε όλα τα θετικά άκρα συνδεµένα µαζί και 
όλα τα αρνητικά άκρα συνδεµένα µαζί λέγονται 
συνδεµένοι παράλληλα.

Μια συστοιχία πυκνωτών συνδεµένων παράλληλα 
µπορεί να παρασταθεί από έναν ισοδύναµο πυκνωτή 
µε το ίδιο συνολικό φορτίο q και την ίδια τάση V της 
συστοιχίας:

q1 = C1V, q2 = C2V, …, qn = CnV ⇒ q =
n

∑
i=1

qi = V
n

∑
i=1

Ci

Ceq =
q
V

} ⇒ Ceq =
n

∑
i=1

Ci
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Πυκνωτές συνδεµένοι σειριακά

Κώστας Βελλίδης

664 CHAPTE R 25 CAPACITANCE

HALLIDAY REVISED

produces charge !q on the bottom plate of capacitor 3. That charge then repels
negative charge from the top plate of capacitor 3 (leaving it with charge "q).The
repelled negative charge moves to the bottom plate of capacitor 2 (giving it
charge !q). That charge on the bottom plate of capacitor 2 then repels negative
charge from the top plate of capacitor 2 (leaving it with charge "q) to the bottom
plate of capacitor 1 (giving it charge !q). Finally, the charge on the bottom plate
of capacitor 1 helps move negative charge from the top plate of capacitor 1 to the
battery, leaving that top plate with charge "q.

Here are two important points about capacitors in series:

1. When charge is shifted from one capacitor to another in a series of capacitors,
it can move along only one route, such as from capacitor 3 to capacitor 2 in 
Fig. 25-9a. If there are additional routes, the capacitors are not in series.

2. The battery directly produces charges on only the two plates to which it is
connected (the bottom plate of capacitor 3 and the top plate of capacitor 1 in
Fig. 25-9a). Charges that are produced on the other plates are due merely to
the shifting of charge already there. For example, in Fig. 25-9a, the part of the
circuit enclosed by dashed lines is electrically isolated from the rest of the
circuit. Thus, the net charge of that part cannot be changed by the battery—
its charge can only be redistributed.

When we analyze a circuit of capacitors in series, we can simplify it with this
mental replacement:

(You might remember this with the nonsense word “seri-q” to mean “capacitors
in series have the same q.”) Figure 25-9b shows the equivalent capacitor (with
equivalent capacitance Ceq) that has replaced the three actual capacitors
(with actual capacitances C1, C2, and C3) of Fig. 25-9a.

To derive an expression for Ceq in Fig. 25-9b, we first use Eq. 25-1 to find the
potential difference of each actual capacitor:

The total potential difference V due to the battery is the sum of these three
potential differences.Thus,

The equivalent capacitance is then

or

We can easily extend this to any number n of capacitors as

(n capacitors in series). (25-20)

Using Eq. 25-20 you can show that the equivalent capacitance of a series of
capacitances is always less than the least capacitance in the series.

1
Ceq

# !
n

j#1

1
Cj

1
Ceq

#
1

C1
"

1
C2

"
1

C3
.

Ceq #
q
V

#
1

1/C1 " 1/C2 " 1/C3
,

V # V1 " V2 " V3 # q " 1
C1

"
1

C2
"

1
C3

#.

V1 #
q
C1

, V2 #
q
C2

, and V3 #
q
C3

.

Fig. 25-9 (a) Three capacitors con-
nected in series to battery B.The battery
maintains potential difference V between
the top and bottom plates of the series
combination. (b) The equivalent capacitor,
with capacitance Ceq, replaces the series
combination.

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.

CHECKPOINT 3

A battery of potential V stores charge q
on a combination of two identical ca-
pacitors. What are the potential differ-
ence across and the charge on either ca-
pacitor if the capacitors are (a) in
parallel and (b) in series?

V 

(b) 

Ceq 

V 
+ 
– 

(a) 

B 

+q 

C1 

C2 

C3 

V1 

V2 

V3 

– 
+ 

B 

Terminal 

Terminal 

–q 

+q 

–q 

–q 

+q 

–q 

+q 

Series capacitors and
their equivalent have
the same q (“seri-q”).
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Πυκνωτές µε το θετικό άκρο του ενός συνδεµένο στο 
αρνητικό άκρο του άλλου λέγονται συνδεµένοι σε σειρά.

Το φορτίο q που αποθηκεύεται σε κάθε πυκνωτή στη 
σειρά είναι το ίδιο, ώστε όλα τα φορτία να ισορροπούν. 
Η συνολική τάση που εφαρµόζεται στα άκρα της σειράς 
είναι το άθροισµα των τάσεων στα άκρα όλων των 
πυκνωτών στη σειρά.

Μια συστοιχία πυκνωτών συνδεµένων σε σειρά µπορεί 
να παρασταθεί από έναν ισοδύναµο πυκνωτή µε το ίδιο 
συνολικό φορτίο q και την ίδια συνολική τάση V της 
σειράς:

V1 =
q
C1

, V2 =
q
C2

, …, Vn =
q
Cn

⇒ V =
n

∑
i=1

Vi = q
n

∑
i=1

1
Ci

Ceq =
q
V

⇒
1

Ceq
=

V
q

} ⇒
1

Ceq
=

n

∑
i=1

1
Ci
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Ενέργεια ηλεκτρικού πεδίου

Κώστας Βελλίδης

Όταν φορτίζουµε έναν πυκνωτή (ή έναν αγωγό), το έργο που απαιτείται για να αυξηθεί το 
φορτίο του κατά dq, όταν η τάση στα άκρα του (ή το δυναµικό του αγωγού) είναι ακόµη v 
και δεν έχει φτάσει στην τελική τιµή V, είναι:

dW = vdq =
q
C

dq

Το έργο που απαιτείται για την πλήρη φόρτιση του πυκνωτή µε το τελικό φορτίο Q, όταν η 
τάση στα άκρα του έχει φτάσει στην τελική τιµή V, είναι συνεπώς:

W = ∫ dW =
1
C ∫

Q

0
qdq =

Q2

2C
Το έργο αυτό αποθηκεύεται σαν δυναµική ενέργεια στο ηλεκτρικό πεδίο του πυκνωτή (ή 
του αγωγού):

U =
1
2

Q2

C
=

1
2

CV2 =
1
2

QV

Εφαρµόζοντας τη σχέση  σε µια περιοχή µε όγκο , όπου το φορτίο 
δίνεται από το νόµο του Gauss  (παίρνοντας ) και η διαφορά 
δυναµικού είναι , βρίσκουµε ότι η πυκνότητα δυναµικής ενέργειας  
του στατικού ηλεκτρικού πεδίου  είναι:

dU = (1/2)dVdQ dldS
dQ = ε0EdS E // d l // dS

dV = Edl u = dU/(dldS)
E

u =
1
2

ε0E2
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Πυκνωτής µε διηλεκτρικό

Κώστας Βελλίδης

Όταν µονωτικό (διηλεκτρικό) υλικό τοποθετείται σε οµογενές ηλεκτρικό πεδίο, υπάρχουν 
δύο δυνατότητες ανάλογα µε τη µοριακή δοµή του υλικού:

67125-7 DI E LECTR ICS: AN ATOM IC VI EW
PART 3

HALLIDAY REVISED

25-7 Dielectrics: An Atomic View
What happens, in atomic and molecular terms, when we put a dielectric in an
electric field? There are two possibilities, depending on the type of molecule:

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 Fig. 25-14. Because the
molecules are continuously jostling each other as a result of their random thermal
motion, this alignment is not complete, but it becomes more complete as the mag-
nitude of the applied field is increased (or as the temperature, and thus the
jostling, are decreased).The alignment of the electric dipoles produces an electric
field that is directed opposite the applied field and is smaller in magnitude.

Sample Problem

Because the battery has been disconnected, the charge on
the capacitor cannot change when the dielectric is inserted.
However, the potential does change.

Calculations: Thus, we must now use Eq. 25-21 to write the
final potential energy Uf , but now that the slab is within the
capacitor, the capacitance is kC.We then have

(Answer)
When the slab is introduced, the potential energy decreases
by a factor of k.

The “missing” energy, in principle, would be apparent to
the person who introduced the slab.The capacitor would ex-
ert a tiny tug on the slab and would do work on it, in amount

W ! Ui " Uf ! (1055 " 162) pJ ! 893 pJ.

If the slab were allowed to slide between the plates with no
restraint and if there were no friction, the slab would oscillate
back and forth between the plates with a (constant) mechani-
cal energy of 893 pJ, and this system energy would transfer
back and forth between kinetic energy of the moving slab and
potential energy stored in the electric field.

 ! 162 pJ ! 160 pJ.

 Uf !
q2

2#C
!

Ui

#
!

1055 pJ
6.50

Additional examples, video, and practice available at WileyPLUS

Work and energy when a dielectric is inserted into a capacitor

A parallel-plate capacitor whose capacitance C is 13.5 pF is
charged by a battery to a potential difference V ! 12.5 V
between its plates. The charging battery is now discon-
nected, and a porcelain slab (k ! 6.50) is slipped between
the plates.

(a) What is the potential energy of the capacitor before the
slab is inserted?

We can relate the potential energy Ui of the capacitor to the
capacitance C and either the potential V (with Eq. 25-22) or
the charge q (with Eq. 25-21):

Calculation: Because we are given the initial potential
V (! 12.5 V), we use Eq. 25-22 to find the initial stored
energy:

(Answer)

(b) What is the potential energy of the capacitor–slab device
after the slab is inserted? 

! 1.055 $ 10"9 J ! 1055 pJ ! 1100 pJ.
Ui ! 1

2CV 2 ! 1
2(13.5 $ 10"12 F)(12.5 V)2

Ui ! 1
2CV2 !

q2

2C
.

KEY I DEA

KEY I DEA

Fig. 25-14 (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, produc-
ing partial alignment of the
dipoles.Thermal agitation pre-
vents complete alignment.
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• Αν τα µόρια του υλικού φέρουν µόνιµες 
διπολικές ροπές (όπως π.χ. στο νερό), το 
εξωτερικό πεδίο τείνει να τις ευθυγραµµίσει 
παράλληλα µε αυτό. Η µερική κατά µέσο όρο 
(λόγω θερµικής κίνησης) ευθυγράµµιση των 
ροπών συνεπάγεται ένα ηλεκτρικό πεδίο 
αντίθετο στο εξωτερικό πεδίο και µικρότερης 
έντασης. Το υλικό χαρακτηρίζεται πολικό 
διηλεκτρικό.

• Αν τα µόρια του υλικού δεν φέρουν µόνιµες 
διπολικές ροπές, το εξωτερικό πεδίο 
δηµιουργεί ροπές πολώνοντας τα µόρια. Το 
αποτέλεσµα είναι το ίδιο: ένα ηλεκτρικό πεδίο 
αντίθετο στο εξωτερικό πεδίο και µικρότερης 
έντασης. Το υλικό χαρακτηρίζεται µη πολικό 
διηλεκτρικό.
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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. In Section 24-8 (see Fig. 24-11), we saw 
that this occurs because the external field tends to “stretch” the molecules,
slightly separating the centers of negative and positive charge.

Figure 25-15a shows a nonpolar dielectric slab with no external electric field
applied. In Fig. 25-15b, an electric field is applied via a capacitor, whose plates
are charged as shown. The result is a slight separation of the centers of the posi-
tive and negative charge distributions within the slab, producing positive charge
on one face of the slab (due to the positive ends of dipoles there) and negative
charge on the opposite face (due to the negative ends of dipoles there). The slab
as a whole remains electrically neutral and—within the slab—there is no excess
charge in any volume element.

Figure 25-15c shows that the induced surface charges on the faces produce an
electric field in the direction opposite that of the applied electric field . The
resultant field inside the dielectric (the vector sum of fields and ) has the
direction of but is smaller in magnitude.

Both the field produced by the surface charges in Fig. 25-15c and the electric
field produced by the permanent electric dipoles in Fig. 25-14 act in the same way—
they oppose the applied field .Thus, the effect of both polar and nonpolar dielectrics
is to weaken any applied field within them,as between the plates of a capacitor.

25-8 Dielectrics and Gauss’ Law
In our discussion of Gauss’ law in Chapter 23, we assumed that the charges
existed in a vacuum. Here we shall see how to modify and generalize that law if
dielectric materials, such as those listed in Table 25-1, are present. Figure 25-16
shows a parallel-plate capacitor of plate area A, both with and without a 
dielectric. We assume that the charge q on the plates is the same in both situa-
tions. Note that the field between the plates induces charges on the faces of the
dielectric by one of the methods described in Section 25-7.

For the situation of Fig. 25-16a, without a dielectric, we can find the electric
field between the plates as we did in Fig. 25-5:We enclose the charge !q on the
top plate with a Gaussian surface and then apply Gauss’ law. Letting E0 represent
the magnitude of the field, we find

(25-30)

or (25-31)

In Fig. 25-16b, with the dielectric in place, we can find the electric field
between the plates (and within the dielectric) by using the same Gaussian sur-
face. However, now the surface encloses two types of charge: It still encloses

E0 "
q

#0A
.

#0 ! E
:

! dA
:

" #0EA " q,

E
:

0

E
:

E
:

$
E
:

0

E
:

$E
:

0E
:

E
:

0E
:

$

E
:

0

Fig. 25-15 (a) A nonpolar dielectric
slab.The circles represent the electrically
neutral atoms within the slab. (b) An elec-
tric field is applied via charged capacitor
plates; the field slightly stretches the atoms,
separating the centers of positive and nega-
tive charge. (c) The separation produces
surface charges on the slab faces.These
charges set up a field which opposes the
applied field .The resultant field inside
the dielectric (the vector sum of and )
has the same direction as but a smaller
magnitude.
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The charge q on the
plates is assumed to
be the same in both
cases. (b)

–q'

+q'

+ + + + + + + ++ +

– – – – – – – –– –
+ + + ++

– – – ––

κ

+q

–q

Gaussian surface

EE0

Gaussian surface

+q

–q

(a) 

+ + + + + + + ++ +

– – – – – – – –– –

halliday_c25_656-681v2.qxd  23-11-2009  14:32  Page 672

672 CHAPTE R 25 CAPACITANCE

HALLIDAY REVISED

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. In Section 24-8 (see Fig. 24-11), we saw 
that this occurs because the external field tends to “stretch” the molecules,
slightly separating the centers of negative and positive charge.

Figure 25-15a shows a nonpolar dielectric slab with no external electric field
applied. In Fig. 25-15b, an electric field is applied via a capacitor, whose plates
are charged as shown. The result is a slight separation of the centers of the posi-
tive and negative charge distributions within the slab, producing positive charge
on one face of the slab (due to the positive ends of dipoles there) and negative
charge on the opposite face (due to the negative ends of dipoles there). The slab
as a whole remains electrically neutral and—within the slab—there is no excess
charge in any volume element.

Figure 25-15c shows that the induced surface charges on the faces produce an
electric field in the direction opposite that of the applied electric field . The
resultant field inside the dielectric (the vector sum of fields and ) has the
direction of but is smaller in magnitude.

Both the field produced by the surface charges in Fig. 25-15c and the electric
field produced by the permanent electric dipoles in Fig. 25-14 act in the same way—
they oppose the applied field .Thus, the effect of both polar and nonpolar dielectrics
is to weaken any applied field within them,as between the plates of a capacitor.

25-8 Dielectrics and Gauss’ Law
In our discussion of Gauss’ law in Chapter 23, we assumed that the charges
existed in a vacuum. Here we shall see how to modify and generalize that law if
dielectric materials, such as those listed in Table 25-1, are present. Figure 25-16
shows a parallel-plate capacitor of plate area A, both with and without a 
dielectric. We assume that the charge q on the plates is the same in both situa-
tions. Note that the field between the plates induces charges on the faces of the
dielectric by one of the methods described in Section 25-7.

For the situation of Fig. 25-16a, without a dielectric, we can find the electric
field between the plates as we did in Fig. 25-5:We enclose the charge !q on the
top plate with a Gaussian surface and then apply Gauss’ law. Letting E0 represent
the magnitude of the field, we find

(25-30)

or (25-31)

In Fig. 25-16b, with the dielectric in place, we can find the electric field
between the plates (and within the dielectric) by using the same Gaussian sur-
face. However, now the surface encloses two types of charge: It still encloses
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Σε όλες τις περιπτώσεις, η παρεµβολή διηλετρικού υλικού µεταξύ των άκρων ενός 
πυκνωτή συνεπάγεται την εξασθένιση του πεδίου, σαν να µειώνεται το φορτίο του 
πυκνωτή, ή ισοδύναµα σαν να αυξάνεται η ηλεκτρική διαπερατότητα του κενού από 
ε0 σε ε=κε0, όπου ο αδιάστατος συντελεστής κ είναι µια σταθερή του υλικού.
Φυσική ΙΙΙ,  ΕΚΠΑ  2021-22
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Ο νόµος του Gauss σε διηλεκτρικά υλικά

Κώστας Βελλίδης
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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. In Section 24-8 (see Fig. 24-11), we saw 
that this occurs because the external field tends to “stretch” the molecules,
slightly separating the centers of negative and positive charge.

Figure 25-15a shows a nonpolar dielectric slab with no external electric field
applied. In Fig. 25-15b, an electric field is applied via a capacitor, whose plates
are charged as shown. The result is a slight separation of the centers of the posi-
tive and negative charge distributions within the slab, producing positive charge
on one face of the slab (due to the positive ends of dipoles there) and negative
charge on the opposite face (due to the negative ends of dipoles there). The slab
as a whole remains electrically neutral and—within the slab—there is no excess
charge in any volume element.

Figure 25-15c shows that the induced surface charges on the faces produce an
electric field in the direction opposite that of the applied electric field . The
resultant field inside the dielectric (the vector sum of fields and ) has the
direction of but is smaller in magnitude.

Both the field produced by the surface charges in Fig. 25-15c and the electric
field produced by the permanent electric dipoles in Fig. 25-14 act in the same way—
they oppose the applied field .Thus, the effect of both polar and nonpolar dielectrics
is to weaken any applied field within them,as between the plates of a capacitor.

25-8 Dielectrics and Gauss’ Law
In our discussion of Gauss’ law in Chapter 23, we assumed that the charges
existed in a vacuum. Here we shall see how to modify and generalize that law if
dielectric materials, such as those listed in Table 25-1, are present. Figure 25-16
shows a parallel-plate capacitor of plate area A, both with and without a 
dielectric. We assume that the charge q on the plates is the same in both situa-
tions. Note that the field between the plates induces charges on the faces of the
dielectric by one of the methods described in Section 25-7.

For the situation of Fig. 25-16a, without a dielectric, we can find the electric
field between the plates as we did in Fig. 25-5:We enclose the charge !q on the
top plate with a Gaussian surface and then apply Gauss’ law. Letting E0 represent
the magnitude of the field, we find

(25-30)

or (25-31)

In Fig. 25-16b, with the dielectric in place, we can find the electric field
between the plates (and within the dielectric) by using the same Gaussian sur-
face. However, now the surface encloses two types of charge: It still encloses
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Για τον πυκνωτή παράλληλων πλακών 
χωρίς διηλεκτρικό ο νόµος του Gauss 
δίνει:

ε0 ∮ E ⋅ dA = ε0EA = q ⇒ E0 =
q

ε0A

Όταν ο χώρος µεταξύ των πλακών γεµίζει µε διηλεκτρικό, η εφαρµογή του νόµου του 
Gauss πρέπει να λάβει υπόψη της, εκτός από το ελεύθερο φορτίο q πάνω στην πλάκα του 
πυκνωτή, και το επαγόµενο φορτίο  µέσα στο διηλεκτρικό:q′￼

ε0 ∮ E ⋅ dA = ε0EA = q − q′￼ ⇒ E =
q − q′￼

ε0A
Το αποτέλεσµα του διηλεκτρικού είναι η εξασθένιση του πεδίου E0 κατά έναν παράγοντα κ.

E =
E0

κ
=

q
κε0A

⇒ q − q′￼=
q
κ

Εποµένως:

και ο νόµος του Gauss µπορεί να γραφτεί ως εξής: ∮ κE ⋅ dA =
q
ε0

ή ∮ D ⋅ dA = q

Το διάνυσµα D=κε0Ε ονοµάζεται ηλεκτρική µετατόπιση και αποτελεί γενίκευση της 
έντασης E του ηλεκτρικού πεδίου στην περίπτωση της παρουσίας διηλεκτρικών υλικών. 
Σε αυτή την περίπτωση, σε όλες τις ηλεκτροστατικές εξισώσεις που περιέχουν τη σταθερή 
ε0, αυτή πρέπει να αντικατασταθεί από την κε0.
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