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25-2 Capacitance

October 21, 2021

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 g but opposite signs.

(Paul Silvermann/Fundamental
Photographs)
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d
_ Top side of : :
Bottom side of bottom (Y YIVVIVVIVIIVIIVYY )
top plate has plate has AP
charge +¢ charge —¢

(@) (b)
Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.

) As the field lines show, the electric field due to the charged
A parallel-plate capacitor, made up of two plates 1 < unifi - th | region b he olat
farea A separated by a distance d. The charges on plates 1s upl orm 11}t ¢ central region between the plates.
© Y ' The field is not uniform at the edges of the plates, as

the facing plate surfaces have the same magnitude ¢ indicated by the “fringing” of the field lines there.
but opposite signs

* The charge g and the potential difference V for a capacitor are proportional to each
other: g = CV.
* The proportionality constant C is called the capacitance of the capacitor.
* Its value depends ONLY on the geometry of the plates A d
* not on their charge or potential difference. (JXV
* The Sl unit is called the farad (F): 1 farad (1 F)= 1 coulomb per volt =1 C/V.

* When a capacitor is charged, its plates have charges of equal magnitudes but
opposite signs: g+ and g-.
* However, we refer to the charge of a capacitor as being g, the absolute value of these charges
on the plates.
October 21, 2021 PHY 102 Physics II © Dr.Cem Ozdogan
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25-2 Capacitance e

Electrolytic (1940-70) Paper (1940-70)
Electrolytic

Variable
air, mica

Tantalum (1980 on) Ceramic (1930 on) Mica (1930-50)
http://www,phys.lsu.edu/~jdowling/PHY S21132-SP15/lectures/index.html
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25-2 Capacitance

Capacitance and Your iPhone! QO ¢,A
v

1. A capacitive sensor is a solid-state sensor made using standard pc-board or flgx
circuit technology. A finger on top of a grid of conductive traces cha

This change in trace capacitance can be measured,

and finger position can be computed.

http//www.phys,lsu.edu/~jdowling/PHY S21132-SP15/lectures/index.hitml
October 21, 2021 PHY 102 Physics II © Dr.Cem Ozdosan
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Parallel Plate Capacitor — Example
* A huge parallel plate capacitor consists of two square metal

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

k? = EQA/d : ong ﬁ/@,}mo@ﬂ’oé jpcwéiw—s - AL
= (8.85 x 10-"2F/m)(0.25 m?)/(0.001 m)

= -9
=2.21x10°F Lesson: difficult to get large values
(Very Small”) of capacitance without special
B tricks!
~ SEre g - Srvffe/w(, A

, Wﬁmé
s nWFot, /néﬁﬁzwz(/)

hitp://www.phys,lsu.edu/~jdowling/PHY S21132-SP15/lectures/index.html
October 21, 2021 PHY 102 Physics II © Dr.Cem Ozdosan
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* When a circuit with a battery, an open switch, and an uncharged capacitor is
completed by closing the switch, conduction electrons shift, leaving the capacitor
plates with opposite charges.

* In Fig. a, a battery B, a switch

Terminal ~ + . IC_ S, an uncharged capacitor C,
rl 1y and interconnecting wires form
B V a circuit.
- * The same circuit is shown in
o the schematic diagram of Fig.

Terminal - . I_TH_ b, in which the symbols for a

)y U= battery, a switch, and a
‘\‘ML:) capacitor represent those
* When the switch is closed, electrically connecting  devices.
those wires, the circuit is complete and charge  « The battery maintains potential

can then flow through the switch and the wires. difference V between its

* As the plates become oppositely charged, that terminals.
potential difference increases until it equals the « The terminal of higher potential
potential difference V between the terminals of is labeled + and is often called
the battery. the positive terminal; the

* The capacitor is then said to be fully charged, terminal of lower potential is
with a potential difference V and charge q. labeled - and is often called the

C=Q/V  negative terminal.

October 21, 2021 PHY 102 Physics II © Dr.Cem Ozdogan
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* To relate the electric field E betw.een the plates We use Gauss' law to relate
of a capacitor to the charge q on either plate, we g and E. Then we integrate the
use Gauss’ law: e i E to get the potential difference.
E{] E - ﬂ’A = q. f
] ) [ S S S S (o S S
* Here q is the charge enclosed by a Gaussian AR NIINENE. J\
surface d A 4y NERE Ga;1551an
—= — . . - surrace
* § £-dA 1s the net electric flux through that l LA LLT ===
surface. In our special case in the figure, i Path of
q = kA integration
*in which A is the area of that part of the Fig. 25-5 A charged parallel-plate ca-

Gaussian surface through which there is a flux. Pacior- A Gaussian surface encloses the
- charge on the positive plate. The integra-

* the potential difference between the plates ofa ;. Eq.25-6 is taken along a path ex-

capacitor is related to the field Eby tending directly from the negative plate to
the positive plate.

only geometrical factors

antiparalle goA

« IfV is the/difference V.-V, = C= C = 7 (parallel-plate capacitor)

gy = 8.85 X 10712 C¥N -m?>.

October 21, 2021 PHY 102 Physics II © Dr.Cem Ozdogan
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25-3 Calculating the Capacitance s

A Cylindrical Capacitor :

Total charge +g Total charge —q

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

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

surface area

—A—
q = goEA = g,E(27irL),
q
B o=
- 27T8|]Lr
+
q “dr q ( b ) Path of surface
V= Edy=4s = In{— ), . .
» j_ EY_SI / 2are, L J;, r 2aeyL " a integration
antiparalle 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.

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

C = 21’?’80m (cylindrical capacitor).

only geometrical factors

October 21, 2021 PHY 102 Physics II © Dr.Cem Ozdogan 10



25-3 Calculating the Capacitance

A Spherical Capacitor:
* As a Gaussian surface, we choose a sphere

of radius r.and placed as is shown.
* ltis cocentric witr
the central sphere and thu

q on that sphere. surface area

—A—
q = goEA = goE(47r?),

he spheres and encloses
sO the charge

1ZM0R
K ATIP CELEB|
UNIVERSITES]

Total charge +¢ Total charge —¢

— 1 4q
- 41’3’89 r2 :
e
—\._Y-f dmey Jp r*  dmeg \a b dre,
antiparallel

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

(spherical capacitor).

only geometrical factors

October 21, 2021

Gaussian
surface

Path of
integration

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.

PHY 102 Physics II © Dr.Cem Ozdogan 11



1ZMIR
gl KATIP CELER]
UNIVERSITESI

An Isolated Sphere:

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

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

*the walls of the room 1n which the conductor 1s housed can serve
effectively as our sphere of infinite radius.

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

C = 4me 1= alb

* Now letting b—o0, and substituting R for a,

C =4mggR  (isolated sphere).

October 21, 2021 PHY 102 Physics II © Dr.Cem Ozdogan 12
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Charging the Plates in a Parallel-Plate Capacitor:

In Fig. 25-7a, switch S is closed to connect the uncharged ca-
pacitor of capacitance C = 0.25 uF to the battery of potential
difference V = 12 V. The lower capacitor plate has thickness
L = 0.50 cm and face area A = 2.0 X 10™*m? and it consists

of copper. in which the density of conduction electrons is n =
8.49 X 107 electrons/m>. From what depth d within the plate
(Fig. 25-7b) must electrons move to the plate face as the ca-

pacitor becomes charged? .
—# of charge carriers/volume

The charge collected on the plate is related to t aci-
tance and the potential difference across the capacitor by
Eq.25-1(q = CV).

Calculations: Because the lower plate is connected to the
negative terminal of the battery, conduction electrons move
up to the face of the plate. From Eq. 25-1, the total charge

Jr/s._l l _Aizf}xj(}_imz_f
-[ C L T
(a) T (b)

Fig. 25-7 (a) A battery and capacitor circuit. (b) The
lower capacitor plate.

October 21, 2021

magnitude that collects there is
q=CV=(025X10"°F)(12V)
=3.0x107°C.

Dividing this result by e gives us the number N of conduc-
tion electrons that come up to the face:

yod _ 30x10°C
e 1602 X 1079C

= 1.873 X 10" electrons.

These electrons come from a volume that is the product of the
e area A and the depth d we seek. Thus, from the density of

conduc ectrons (number per volume), we can write
N
n = B
Ad
or
= N 1.873 X 10¥electrons

An (2.0 X 10~*m?) (8.49 x 10®electrons/m?)

=1.1X1072m = 1.1 pm. (Answer)

In common speech, we would say that the battery charges
the capacitor by supplying the charged particles. But what
the battery really does is set up an electric field in the wires
and plate puch that electrons very close to the plate face
move up to the negative face.

PHY 102 Physics II © Dr.Cem Ozdogan
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* When a potential difference V is applied across ~Terminal ©~F ¥ &
several capacitors connected in parallel, that _l_ . - .
potential difference V is applied across each B v v v lv

. —qs Cq —q2 Cg =1 Cl
capacitor. -[

* The total charge q stored on the capacitors is the (9 - Terminal
sum of the charges stored on all the capacitors. seale meeralan A

their equivalent have

* Capacitors connected in parallel can be replaced the same V (“par-V").

with an equivalent capacitor that has the same total J_

charge q and the same potential difference V as the +q

actual caoa%ors. Y o
q = C ¢ =CY) and g5 = C@ () ]- q

ﬂ ' Fig. 25-8 (a)Three capacitors connected
q=q1+q+ q=(C; + G+ G)V. 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 C.
replaces the parallel combination.

PARALLEL:
* Vis same for all capacitors
* Total charge = sum of Q

http://www.phys.lsu.edu/~jdowling/PHYS21132-SP15/lectures/index.html

October 21, 2021 PHY 102 Physics II © Dr.Cem Ozdogan 14
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When a potential difference V is applied across
several capacitors connected in series, the
capacitors have identical charge g.

V.
Capacitors that are connected in series can be

replaced with an equivalent capacitor that has the

same charge g and the same total potential
difference V as the actual series capacitors.

q q q
WVW=—- VW= and V1, =—
o T M T
V=WV+VK+ V= (14—14—1)

1 2 3= 4 C, G, )

q 1
1/Cy, + /G + 1/C

= + :
Ceq G, G, C;
@ 1 i 1
— = =n (n capacitors in series).
Cq 216

http://www.phys.lsu.edu/~jdowling/PHYS21132-SP15/lectures/index.html
October 21, 2021

The sum of the potential differences across all the -
capacitors is equal to the applied potential difference

[Terminal '}’
mii:;;l‘i 1
+ i*ﬁ' i i, \l||"’("‘t|rL"T‘Jj

B—== 1 L-;fiL___ﬂA Ct

! [0 B '\f

e =

Vsl = (; 9
“3 ‘:J

(a)

Terminal

B J— vV

e

(&)

Fig. 25-9

Series capacitors and
their equivalent have
the same g (“seri-q").

(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. () The equivalent capacitor,
with capacitance C.q.replaces the series
combination.

SERIES:

* QQ is same for all capacitors
* Total potential difference =

sum of V

PHY 102 Physics II © Dr.Cem Ozdogan
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25-4 Capacitors 1n Parallel and Series 7 (e

Example:

(a) Find the equivalent capacitance for the combination of Cp,=C;+ Cy=12.0 uF + 530 uF = 17.3 uF.
capacitances shown in Fig. 25-10a, across which potential 1 1 1 o
difference V' is applied. Assume = -t C'”_g = JLC3
_ _ _ Cas Gy G Cova
C,=120uF, C,=530uF. and C;=4.50 uF. — (2tCs
1 1
= < = 0.280 uF 1,
173 uF ' 4.50 uF ik
Cis = S S 357 uF (Answer)
123" 0280 uF T B
We first reduce the  The equivalent of The equivalent of
o . . . : Next, we work
circuit to a single parallel capacitors  series capacitors
capacitor. is larger. is smaller. bac!(wards to Fhe
desired capacitor.
A A
S s ¢ b T
Cl =: ? = e Clz _::
12.0 uF 5.30 uF 17.3 uF Gez= .7
vV Vv tB v CGas=C 125V ——
f 3.57 ;uF C123 = Vl?ﬂ =
Cs = Cy = 357 uF | 125V
450 uF el
Fig. 25-10.__. 4 .50 uF ¥ ¥

(a) (b) (¢) (d)

October 21, 2021 PHY 102 Physics II © Dr.Cem Ozdogan 16



1ZMIR
gl KATIP CELER]
UNIVERSITESI

(b) The potential difference applied to the input terminals Gips — GV = BT uENI25 V) — 446 1C.
in Fig. 25-10a is V' = 12.5 V. What is the charge on C,?
. q.V.&q,V, & q,,V (Y g = _
We f!rst redL.Jce the TE—" 3073 11 2> "2 12 = G123 = 44.6 uC.
circuit to a single bl s P _
i i dzgir‘gjrcasp;cit; _PE}’IE . ; - @
: yields the charge. 44.6 uC
A — V,=-22 - 78 _ 558V,
- Clz 173 }LF
7% R
12.0 uF 5.30 uF L — —
v 125V _ 12.5)/ Vi=Vp =258V,
1 |k o ME
G . 5 5V .
150 58] : €  4-ah-(20uR258V)
VitV — 31.0 uC.

Fig. 25-10 (o) (e)

Parallel capacitors and
hg V= g/C yields their equivalent have Applying g=CV
potential difference. the same V ("par-V"). yields the charge.

Series capacitors and
their equivalent have
the same g (“seri-q’

qi12 = 12 = S‘ ‘ = qd2 =
44.687C 44.6 §C . : 31.0 uC 13.7 uC
= o= C( = I—’T =
| 17.3uE | 17.5 4F| 258 v e e R 12.0 uF| 2.58 V 5.30 uF | 2.58 V
125V E%/ 125V g 21 S = —
44% ,C 4.6 125V 44.6C L 125V 44.6 uC
| 4.50 uF ! 50 pF| 9,92V y 4.50 pF|9.92V . 4.50 uF|9.92V
(f) g) v \/ (k) (#)
reverse operations 93V q,,V, V d,,V, v

October 21, 2021 PHY 102 Physics II © Dr.Cem Ozdogan 17
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One Capacitor Charging up Another Capacitor:

Capacitor 1, with C; = 3.55 uF, is charged to a potential
difference Vj, = 6.30 V, using a 6.30 V battery. The battery is
then removed, and the capacitor is connected as in Fig. 25-11
to an uncharged capacitor 2, with C; = 8.95 uF. When switch
S is closed, charge flows between the capacitors. Find the
charge on each capacitor when equilibrium is reached.

C — becomes a battery | After the switch is closed,
charge is transferred until

the potential differences
match.

Fig. 25-11 A potential differ-

ence V;is applied to capacitor 1

and the charging battery is re-

moved. Switch S is then closedso %0, _—
that the charge on capacitor 1 is Gy G
shared with capacitor 2.

el

Calculations: Initially, when capacitor 1 is connected to
the batterv. the charee it acauires is. from Ea. 25-1.
go=C;V,=(3.55 X 107°F) (6.30 V)

From Eq. 25-1, we can rewrite this as

4 _ @
&

Because the total charge cannot magically change, the total
after the transfer must be

ﬁnal g1t qg>= (P l(ahauge conservation);

(equilibrium).

thus

q4>=4p — 91
We can now rewrite the second equilibrium equation as
G _ 90— 41
G G

Solving this for ¢, and substituting given data, we find

The rest of the initial charge (f}o = 22.365 uC) must be on
capacitor 2:

(Answer)

q,=16.0 uC. (Answer)

=22.365 X 10°C. 1mnitial charge — can flow through C, until balance

When switch S in Fig. 25-11 is closed and capacitor 1 begins to
charge capacitor 2, the electric potential and charge on capaci-
tor 1 decrease and those on capacitor 2 increase until

Vi=V, (equilibrium).

parallel connection
October 21, 2021

PHY 102 Physics II © Dr.Cem Ozdogan 18
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L o

-y
"W The potential energy of a charged capacitor may be viewed as being stored in the

electric field between its plates.

 Start out with uncharged capacitor

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

dq’
* How much work was needed?
* Suppose that, at a given instant, a charge dq’ has been transferred from one

plate of a capacitor to the other. The 1ncrement of work required will be,
dW = V'dq' =

C 0 J a 2
W= 1|dW= "dq' = :
* The work required to bring the total capacitor j { £ s o5
charge up to a final value q 1s
* This work is stored as potential energy U in the capacitor, so that,

T q- - 1 2 =
U = ,)[(__ (potential energy). U= E( Ve (potential energy).

http://iwww.phys.lsu.edu/~jdowling/PHYS21132-SP15/lectures/index.html
October 21, 2021 PHY 102 Physics II © Dr.Cem Ozdogan 19
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"W The potential energy of a charged capacitor may be viewed as being stored in the
electric field between its plates.

* In a parallel-plate capacitor, the energy density u -that is, the
potential energy per unit volume between the plates- should be

uniform.
* We can find u by dividing the total potential energy by the
volume Ad of the space between the plates U CV?2
YT Ad T 24d
« But since(C = ¢,A/d), this result becomes V\2
U =58 —
270 ( d

* However, (E=-AV/As), V/d equals the electric field magnitude E.
Therefore;

I = %EUEZ (energy density).

October 21, 2021 PHY 102 Physics II © Dr.Cem Ozdogan 20
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25-5 Energy Stored in an Electric Field

Potential Energy and Energy Density of an Electric Field:

An isolated conducting sphere whose radius R is 6.85 cm
has a charge ¢ = 1.25 nC.

(a) How much potential energy is stored in the electric field
of this charged conductor?

KEY IDEAS

(1) An isolated sphere has capacitance given by Eq. 25-18
(C = dmeoR). (2) The energy U stored in a capacitor depends
on the capacitor’s charge g and capacitance C according to
Eq.25-21 (U = ¢%2C).

Calculation: Substituting C = 47e,R into Eq. 25-21 gives us

2

T 2C  8meR

B (125 x 10-2C)

~ (87)(8.85 X 102 F/m)(0.0685 m)
=1.03 X 1077J = 103 nJ.

(Answer)

October 21, 2021

PHY 102 Physics II © Dr.Cem Ozdogan

(b) What is the energy density at the surface of the sphere?

KEY IDEA

The density « of the energy stored in an electric field depends
on the magnitude E of the field, according to Eq. 25-25
(u = %SDEQ).

Calculations: Here we must first find E at the surface of

the sphere, as given by Eq. 23-15:

I 4
E= —
dmrey R
The energy density is then
2
T PO |
=l.p=__1
O T 3% R

(125 X 1079 C)?2
(327%)(8.85 X 1072 C/N-m2)(0.0685 m)*
= 2.54 X 1075 J/m® = 25.4 pJ/m?.

(Answer)

21
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* If the space between the plates of a capacitor 1s completely filled with a dielectric
material, the capacitance C in vacuum (or, effectively, in air) is multiplied by the

material’s dielectric constant k, (Greek kappa) which 1s a number greater than 1.

-

W In aregion

K for air is 1

completely filled by a dielectric material of dielectric constant «, all

electrostatic equations containing the permittivity constant g, are to be modified by

replacing g, with ke,.

b
==
—

i
—_—
[

i )

V=a ciz)stant C TE QT/V

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.

(a)If the potential difference

C — «C

| +
| -+

e C1=QV]

(b) If the charge on the capacitor plates is
maintained, as in this case by isolating the

between the plates of a capacitor is capacitor, the effect of a dielectric is to reduce
maintained, as by the presence of ¢ potential difference between the plates.
battery B, the effect of a dielectricis  The scale shown is that of a potentiometer, a
to increase the charge on the plates.  device used to measure potential difference

October 21, 2021

(here, between the plates). A capacitor cannot
discharge through a potentiometer.

PHY 102 Physics II © Dr.Cem Ozdogan 22
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Table 25-1

Some Properties of Dielectrics®

* A dielectric, is an 1nsulating material such as
mineral o1l or plastic, and is characterized by a

Dielectric Dielectric

numerical factor k, called the dielectric Constant  Strength
. Mat ’.c ] kV;"I
constant of the material. i 5 i)
: . . . Air (1 at 1.00054 3
* Some dielectrics, such as strontium titanate, — poeene 26 e
can increase the capacitance by more than two Faper 35 10
. Transformer
orders.of magnitude. oil 45
. . . . .. Pyrex 4.7 14
* The introdu of a dielectric also limits the gubymica 54
potential difference can be applied . o
between the plates to a certain - Germanium 16
Ethanol 25

Water (20°C) 80.4
Water (25°C) 785
Ttz T:

called the breakdown potential.
* Every dielectric material has a characteristic
dielectric strength, which is the maximum

130
Strontium
value of the electric field that it can tolerate titanate  \_ 310 8
without breakdown. For a vacuum, x = unity.

C=Ke,A/d (parallel plate capacitor)
C=«C,

October 21, 2021 PHY 102 Physics II © Dr.Cem Ozdogan

ceramic

Measured at room temperature, except for the water.

23
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Work and Energy when a Dielectric is inserted inside a Capacitor:

KEY IDEA

A parallel-plate capacitor whose capacitance C is 13.5 pF is
charged by a battery to a potential difference V =125V

between its plates. The charging battery is now discon-
nected, and a porcelain slab (k = 6.50) is slipped between

the plates. CT Ul

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

KEY IDEA

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

qz
uzngig

Calculation: Because we are given the initial potential
V (= 12.5 V), we use Eq. 25-22 to find the initial stored
energy:
U =3CV? =135 X 1072 F)(12.5 V)?

= 1.055 X 1071 = 1055 pJ = 1100 pJ. (Answer)
(b) What is the potential energy of the capacitor-slab device
after the slab is inserted?

October 21, 2021

Because the luammmmwmmw
the capacitorjcannot change when the dielectric is inserted.

However, the potential does changesame Q in capacitor

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

Lo @ _ U _tosspr 4
o k650 C—xC
= 162 pJ = 160 pJ. (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= U, — U;= (1055 — 162) pJ — Plutging
Sla

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.

PHY 102 Physics II © Dr.Cem Ozdogan 24
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- h"“ﬁ#_ )E‘ - = -
! I \ —Hl‘"!'.\* - = s e -
" ,..-Vk x __.--"V X - ° °
i W N Atomic View
i 2 1 \&3 _ﬂ"ﬂ_ _x ‘ —
4 —~7
”r! O T _ HE\ - _
— ] + X x
P ? = (ﬂ 'F _ . .
L. ' - +— ¢mm== Polar Dielectrics
(a) (5)
(a) Molecules with a permanent electric (b) An electrig field\is applied, <
dipole moment, showing their random producing partral ali nt of the
orientation in the absence of an external dipoles. Thermal‘agitation prevents
electric field. complete alignmen

1. Polar dielectrics. The molecules of some dielectrics, like water, have permanent

electric dipole moments.

* In such materials (called polar dielectrics), the electri
with an external electric field as in Figure.

* Since the molecules are continuously push&pull each o as a result of their
random thermal motion, this alignment is not complete, but\it becomes more
complete as the magnitude of the applied field is increased.

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

ipoles tend to line up

October 21, 2021 PHY 102 Physics II © Dr.Cem Ozdogan 25



1ZM0R

25-6 Capacitor with a Dielectric d

AtO mic The initial electric field The applied field The field of the aligned
inside this nonpolar aligns the atomic atoms is opposite the
View dielectric slab is zero. dipole moments. applied field.
Nonpolar
Dielectrics

(a) () (c)
Copyright © 2014 John Wiley & Sons, Inc. All rights reserved. net E
2. Nonpolar dielectrics. Regardless of whether they have permanent electric
dipole moments, molecules acquire dipole moments by induction when placed in
an external electric field.
* This occurs because the external field tends to “stretch” the molecules, slightly
separating the centers of negative and positive charge.

October 21, 2021 PHY 102 Physics II © Dr.Cem Ozdogan 26
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Fig. 25-16 Gaussian surface f Gaussian surface g

. /

A parallel-plate T e FTEFFFFFF A

capacitor (a) with- \ - - - - =
p

out and (b) with a di- E \_ g VE

electric slab inserted. } K

The charge g on the a R R ey

platesisassumed to [ T \_ -
be the same 1n both ——q
cases. (a) (b)

* In Fig. 25-16a, without a dielectric. We enclose the charge g on the top
plate with a Gaussian surface and then apply Gauss’ law. If E, represents

. . o q
the magnitude of the field, we have 8”#; FedizsfAeqg = En-=

goA

* In Fig. 25-16b, with the dielectric in place. Now the surface encloses two
types of charge: It still encloses charge +q on the top plate, but it now also

encloses the induced charge —q’ on the top face of the dielectric.

1.The charge on the conducting plate (q) is said to be free charge
because it can move if we change the electric potential of the plate;

2.The induced charge (q’) on the surface of the dielectric is not free
charge because it cannot move from that surface.

. G/EO

CtU| E| e{]fﬁf-dzzsuEA:q—q’. =

p-4-4

£y
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25-7 Dielectrics and Gauss’ Law Capacitor with a Dielectric 7[5

| .

« The effect of the dielectric is to weaken the original field E, by a factor of «

— y q
and po B __a F—49"9 = g-q ="
K KegA goA K

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

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

no consideraton of induced charge! only free charge since €, — €,k

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

‘ CtU| Ei‘

October 21, 2021 PHY 102 Physics II © Dr.Cem Ozdogan 28
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Dielectric| Partially FiIIingla Gap in a Capacitor:

Figure 25-17 shows a parallel-plate capacitor of plate area
A and plate separation d. A potential difference Vj is applied
between the plates by connecting a battery between them. The
battery is then disconnected, and a dielectric slab of thickness b
and dielectric constant k is placed between the plates as shown.
Assume A = 115cm? d =1.24cm, V, =855V, b = 0.780 cm,

and k = 2.61. no fully ﬁlhng w

Gaussian
Fig. 25-17 TR f- SF SF aF 9F 9F Sp0aF ﬂ‘i_
A parallel-plate ca- ., —— -
pacitor containing . bod
a dielectric slab —+ + 5+ + )
that only partially
fills the space be- Gaussigh— —&= = — = = — — T
tween the plates. \— —q

Calculation: Froph Eq. 25-9 we have

_gA / (885 X 1072 F/m)(115 X 107* m?)

—2

= 8.1 X 10712 F = 81234va{79thom dielectric
(b) Wha(fred charge appears on the plates?
Calculation: From Eq. 25-1,

g =GV = (821 X 1072 F)(855V)
= 7.02 X 1071°C = 702 pC. (Answer)

stored charge
October 21, 2021

PHY 102 Physics II © Dr.Cem Ozdogan

(c) What is the [electric field E; in the gaps| between the

plates and the dielectric slab?

Calculations: That surface passes through the gap, and so it
encloses only the free charge on the upper capacitor plate.
Electric field pierces only the bottom of the Gaussian surface.
Because there the area vector dA and the field vector En are
both directed downward, the dot product in Eq. 25-36 becomes

E,-dA = E,dA cos 0° = E, dA.

Equation 25-36 then becomes

EOKED§ dA = q.

The integration now simply gives the surface area A of the
plate. Thus, we obtain
eokEoA = g, general formula

or k= = : 80 — 8()K
SOKA
We must put ere because Gaussian surface I does
not pass through the dielectric. Thus, we have
e 7.02 X 1071°C
O gkA  (8.85 X 107 2F/m)(1)(115 X 1074 m?)
= 6900 V/m =|6.90 kV/m| (Answer)

Note that the value of E; does not change when the slab is
introduced because the amount of charge enclosed by
Gaussian surface I in Fig. 25-17 does not change.

29



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

Gaussian

Fig. 25-17 surface T

A parallel-plate ca-
pacitor containing |
a dielectric slab g—— % 1+ K _|.l
that only partially Eo

fills the space be-  Gaussian /-
surface I1

tween the plates.
(d) What is the electric field £, in the dielectric sla vk
Calculations: That surface encloses free charge=gynd in-

duced charge +¢’, but we ignore the latter when we use Eq.
25-36.We find

_q.r f—

E{)(ﬁl(ﬁl'd;{ = —gokE,A = —q. (25-37)

1ZM0R
il K ATIDCE

Calculation: Within the dielectric, the path length is b and
the electric field is E;. Within the two gaps above and below
the dielectric, the total path length is d — b and the electric
field is E,. Equation 25-6 then yields

3
sz Eds = Eyd — b) + Eb
= (6900 V/m)(0.0124 m — 0.00780 m)

+ (2640 V/m)(0.00780 m)
= 523 V. (Answer)

This is less than the original potential difference of 85.5 V]

The first minus sign in this equation comes from the dot
product E)l-d;f along the top of the Gaussian surface be-
cause now the field vector E} is directed downward and the
area vector dA (which, as always, points outward from the
interior of a closed Gaussian surface) is directed upward.
With 180° between the vectors, the dot product is negative.

Now k = 2.61.Thus, Eq. 25-37 gives us

poo_4 _ Ey _ 690kV/m
YogkA k 2.61
=|2.64 kV/m. (Answer)

(e) What is the potential difference V between the plates
after the slab has been introduced?

October 21, 2021

(f) What is the capacitance with the slab in place between
the plates of the capacitor?

Calculation: Taking g from (b) and V from (e), we have

same .02 x 10710
: - : _1mxirce
without V 523V
slab =134 X 107" F = 134 pF. (Answer)

This is greater than the original capacitance of 8.21 pF.

ctEL VY]

13.4>821+
but it is not 2.62*8.21 ( kC)

PHY 102 Physics II © Dr.Cem Ozdogan
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not kC since not fully insert
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1. The plates of a spherical capacitor have radii 38.0 mm and 40.0 mm.
(a) Calculate the capacitance. (b) What must be the plate area of a
parallel-plate capacitor with the same plate separation and
capacitance?

& o | -3
v) €27 ¢z 4mE, ak g5 L) (38140 ro) lucwion,)
b-a " 40,\70'}’:_-3'5’310‘?-1

b =40 %0730

5 = 84sx/07'F - g4.5 pr

4‘) sz%[ /’%&é afwﬁ?’(ﬂf,’ C= &; J A""'?

> A Clb-a) _ 3,4sxi El4onsn-38mH)_ g otgin?
£o 8.85x/07%*FY, =1 em™*

M. P
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2. In Figure, a 20.0 V battery 1s connected across capacitors of
capacitances C,=C,=3.00 pF and C,=C=2.00C,=2.00C,= 4.00 puF.
What are (a) the equivalent capacitance C, of the capacitors and (b)
the charge stored by C_? What are (¢) V', and (d) ¢, of capacitor 1,
(e)V, and (f)g, of capacitor 2, and (g)V, and (h) g, of capacitor 3?

= G,

3

3

C

Fig. 25-31 Problem 15.
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Chass=C +G3s= 6 wF
Cff: G%Qnéyr‘:

4) C=8~ = Coge Vst T . ke
= E? vc:(é ymﬂ Gegass ~ g +%us cﬁ' guﬁfé}uf-’
. ,——.zé=- _3 |
M) V{" 7 : . \Iﬁ{)a"{té A:V) q,= Q=CV )
—A &23‘5'=é'{?c * s C}' sCﬂFX!OU’

o] Lewge — 4 TN B m < Souc

V|=V5"IW'
I ar il "= i) 9,7 9-Gpe)lton)
—rci:z:-::s T T G35 T ! y #_c_ﬁ;_
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3. InFig.25-37, V=10V, C,=10 pF, and C,=C,
=20 pF. Switch S 1s first thrown to the left side . L L. L. 1.
until capacitor 1 reaches equilibrium. Then the ‘ B R
switch is thrown to the right. When equilibrium
1s again reached, how much charge is on
capacitor 1?

4 (22 o -

) g

V=loV ! G

Fig. 25-37 Problem 22.

cont 4: C':rg. ~ Q.lz Cnfscfﬂ/ﬂ:)(fﬂu): 'fﬂﬂyfﬁ

s gt 5 ik 51

c,._.;u/ua"" 2 | THey ae I .;;M;d aﬂdc;ﬂt’." —> 9,793
- Cq 220 ‘s A= i g
Carty -'??W 0%#’;0&%&@% 2

Lg{;_.? canl L

CFa

E*{w_j:j
&

f “o
Vo
v, = N = 3 =V

October 21, 2021

—_— = QL'FI
=GP 2 Gt 5 LB " 2pif

/
D 0= o> 8= Pt Tt =T D= 10
~> 9, = 4OpC =G, ~q,=ZEME
Y=y = i“f’“" %z,_ ;gof;c:fiﬂcf GIuCHC
) TR LI
-5 F,=79, Ymbet. = &
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4. Figure 25-42 shows a 12.0 V battery and four uncharged
capacitors of capacitances C, = 1.00 uF, C, =2.00 uF, C, =3.00
uF, and C, =4.00 pF. If only switch S, 1s closed, what 1s the
charge on (a) capacitor 1, (b) capacitor 2, (¢) capacitor 3, and (d)
capacitor 4? If both switches are closed, what 1s the charge on (e)

capacitor 1, (f) canacitor 2. (o) canacitor 3. and ( h) capacitor 49
& .,

= C,

_IIE 5 "-..ﬁl

Fig. 25-42 Problem 27.
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XY At e
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. ImE Spf |' ] [l
S?_,‘ "'_‘T;}_l—_&( ’L} Vg 4 \E'f, =V _CIL Cy = fé«_i_"i
ﬁi/( A (G250 Q= CoV/ =l Ep©) 1w = 16pC

4‘:—-—\!'.1. '—'?l{'_-ﬂja'_ﬂ C}h-:' 2/4?:

— 7
’{1—]1‘?... l Cs QIEM@@#/UL gnﬂuﬂ

3uF Vig = 7= gy E ,J, G ? i,vféaﬁ'/u'-’l-
o Ve = 7. %”H s
\fmsﬁlﬂ);w O G, 3V Sl

October 21, 2021 PHY 102 Physics II © Dr.Cem Ozdogan 37



25 Solved Problems

+ (23) Va 2.0 v ¢- "00,11' Cone - S, &;2
. Caweds uo/uP G 53 C, € (G jn serles
Q-Sw/F E_\:j: (L 2C in wV&5
R \ ; I’j“c:" X q,=95 € =7
(- G s - —» . d'
4:/)—*4—- V. C 8 1= %- 033“\/ é_+§)v
*7% " epuVa C_zé_v_zgy/: ‘ CCs v (ue) (3uf %i
W) I i) /6#;3 ‘ o phrpt
LS 19,= 9=9,7
1= 13

CM@S‘.Q. Cémj

\(—\fr,__) ' 6—}\/’—9— | Ce'%,n-: G+ QZ;J':' qfc’ q iz = q3,4
l_‘ | J' :—;/ - V'/") By, y (CRO (C;f-C,) g/ﬁ
Cz, ¢ qllt' ‘ a J |
e 0]

r Con 7 e’ﬂl—im V;z* V=Y
N 4_{(1

PHY 102 Physics II © Dr.Cem Ozdogan 38

N

October 21, 2021



25 Solved Problems

1ZM0R

7 GV (G-

(Cl +C )V, t (Gt Cy)Vie = @'3 fc‘)v
g (C,+(:_+C;+Cz,\ HG +<)V
V. Catl o 3pUE+iul @V =940V
(G +CrGtG)  (IpFe ;,Fymﬁf/éw‘)
v) 9,=GV)r V,c.ez LOV' = $.40
vi) g, = Cz\/,z.Z/va‘é'bO‘/ #%- /uC
Vu) 9= C’ (v- Iz) yF*S LoV = - b’/V

V) 9,26, (/) = §uFx 340 = oty =
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5. In Fig. 25-28, a potential difference V=100 V 1s applied across a
capacitor arrangement with capacitances C,=10.0 pF, C,=5.00 uF,

and C,=4.00 puF. What are (a) charge q,, (b) potential difference V,,
and (c) stored energy U, for capacitor 3, (d) q,, (¢) V,, and (f) U,
for capacitor 1, and (g) q,, (h) V,, and (1) U, for capacitor 2?

G C=9.
&
V ‘ s
G,

Fig. 25-28 Problems 10 and 34.
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25 Solved Problems

b4 (5‘1) V=loo V o 7 ‘ 4") q3=7
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.G _ [0 F syF
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4 %

¢

g e
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e
> Ba.V
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6. Figure shows a parallel plate capacitor with a
plate area 4=5.56 cm? and separation d=5.56 mm. ¥\ ‘ Gl
The left half of the gap 1s filled with material of Ki K d
dielectric constant «,=7.00; the right half is filled ‘

with material of dielectric constant k,=12.0. What

. . Fig. 25-47
is the capamtance‘?

”048) 8-8/¢6s Az A2
CvV= GV-{-QJ/ G ‘Kie fﬁé /2_ S-S6x(0 /
ST R S f%)"w)
(s},?'@‘/i e;a. = KyCor# N2=o2 “5’4,9

. 02'*::

G ipst v §
vV i Am Wi -
FT KEA - 0 = Crele-ios ?ﬂ’/% ! Laﬁﬁ
~/ % ?';LC# a *K“Cm C;: (190
b q-0,+02 Mo byt
P :gﬂg_, P C,’r-afﬂwé,

October 21, 2021 PHY 102 Physics II © Dr.Cem Ozdogan 42



25 Solved Problems

October 21, 2021 PHY 102 Physics II © Dr.Cem Ozdogan 43



1ZMIR
’ KATIP CELER]
LIMIVERSITES]

7. A vparallel-plate capacitor has plates of area 0.12 m? and a
separation of 1.2 cm. A battery charges the plates to a potential
difference of 120 V and 1s then disconnected. A dielectric slab of
thickness 4.0 mm and dielectric constant 4.8 is then placed
symmetrically between the plates.

(a) What 1s the capacitance before the slab 1s inserted?

(b) What is the capacitance with the slab in place?

(¢) What 1s the free charge g before and

(d) after the slab is inserted?

(e) What 1s the magnitude of the electric field in the space between the
plates and dielectric and

(f) in the dielectric itself?

(g) With the slab in place, what 1s the potential difference across the
plates?

(h) How much external work 1s involved 1n inserting the slab?
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By Aziz Kolkiran

Ex . Capacitor with two dielecdnc— 3

"IM" u*(f
metal mtl:nl

The sydem rins af dwo scr‘m“j
Conne L{E-r.‘ spherical capaaiar.r

1 J actone Of
i é=a+ E; Cﬁ?[}phcf{al Cup.
ab C=a ‘lnén(?t:)
CI'...'.'-K| énéa(-g-_—a—) -1
be C, s
G, =K zﬂ]é ) i i =
‘ : > ¢-b & Cl'l' Cz
Cl’\?cll-
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Ly - Metal slob between the plate
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Capacitor and Capacitance

*The capacitance of a capacitor is defined as:
g =CV Eq. 251

Determining Capacitance

*Parallel-plate capacitor: ¢ - 2

*Cylindrical C itor: L
ylindrical Capacitor: ¢ = 24, v

*Spherical Capacitor: ¢ = 41:3“%

*Isolated sphere: C=4mR. Eq. 25-18

Capacitor in parallel and series

‘Inparallel: ¢ -3¢ Eq. 25-19

*In series 4

Eq. 25-9
Eqg. 25-14

Eq. 25-17

Potential Energy and Energy

Density

*Electric Potential Energy (U):

[J=—= i —'%CV‘!

*Energy density (u)

u = se,E%

Eq. 25-25

Eq. 25-21&22

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

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

Eﬂjﬁ,{.@:ﬂ o

October 21, 2021 PHY 102 Physics II © Dr.Cem Ozdogan

Eq. 25-36
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