Plenty of are the characteristic of a
conductor.

The atoms consisting conductor usually have
, .9. ;Na:1s22s%2p"3s.

When a crystal is formed, we have energy




Overlapping

. H
empty band conducting band i

forbidden band o

insulator metal semimetal semiconductor

e. g.,Alkaline earth metals
Mg (magnesium) 3s?
A complete filled band does not contribute current
when the electric field is applied.




electrostatic equilibrium requires E;, =0, E,,
= 0(on the surface) |

Ve —Va=—[E;-d =0
A

the surface of a conductor Is an
E.. = 0 also means that the conductor Is an

B
VB—VA:—jEm-d:o
A

VV=0=V =C.




The field near the surface of the
conductor

O

 Surface H

On microscopic scale, Is It a real step function?







A conductor with a cavity
S-a closed surface just around

the cavity
The total

§E .ds =0— Charge on the
S surface of the

cavity Is zero.

The charge density on each point of the inner
surface Is zero.




Electrostatic shielding




Faraday’s Ice palil

electroscope




Van de Graaf generator 107 volts

Collector

Charge supply
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: Ame, 1 ; dre, R
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o, A4nr® 4mR’

The surface charge density as
well as the electric field is
Inversely proportional to the
radius of curvature.

3X10°N/C  corona discharge lightning rod




SN i

for a 1solated conductor =

a
Vv

capacitance of a sphere or shell

vt 9 c-9 4ne R
Amte, R V

units
coulombs/volt (C/V) farads (F)

microfarads (& F), picofarads (pF)
1uF =10"°F, 1pF=10"F




Capacitance of two conductor A, B

Oa
Car =
AB Va—Vs

In a parallel-plate capacitor

E - Eﬂnore the edge effect

&o

94

Eo upper plate

lower plate




Example 16.1 Capacitance of concentric
spherical shells of radii R and R".

1 ¢ ,
E, = R<r<R
4m%r2( <r<R)

RI

VR—VR/:—]SE-d:J'Eoor
)

R

o (1_1)
dne,\R R’




1 = 47580 l?R
Vi —Vx R —R

It can be considered as capacitors combined In series

0=

1,01 1
C 4neg,R* 4rg R

11 1 ’
C 4dng,R 4ne, R




When R and R’ approach to the infinity and the
difference R’-R keeps constant d, we have

NGEI))

result for parallel-plate
capacitor




Example Find the capacitance of a cylindrical
capacitor.

Solution: Assume the radius of the inner conducting
wire Is a and the radius of the out cylindrical shell is
b. Let L be the length of the capacitor. Q and -Q be
the charges on the inner and outer conductors
respectively. The electric field between two
conductors IS

1 4 1 Q
2me, r 2me, rL

E, =

coaxlal cable




The potential difference between the two conductors
IS then

AV =V, -V, = —_? E.dr

j d r
272'80 L 272'80 L

and the capacitance Is
C_ Q _ 2mel

AV In/




Suppose that does work and move dg from
one plate to another

dV = AVcC

C

_q
C
W:jcw

1 1
AV ) =U
2Cq 2 Cl )

180 LAV Y2

;C(AV)Z

& ([ AV i
d




g = const.




AV = const. ‘

—F, dx+dw® =dU
dW ® = AVdq = d(qAV )= d|c(AV )| = 2dU
F, dk=dJ

()
X )y

lC(AV) 1&A

(AV) Ea—

Assignment: 16.1, 16.3, 16.6,




conductors charge carries
metals electrons
electrolytes lons
JENYER lons and electrons

Free electron model of a metallic conductor

® & ®©® ©®© ©® © - -

6 © a periodic \
Je arrangement of

free electrons positive ions

(electron gas)

\_ lattice -/




When no external electric filed Is present, the

electrons move In all directions, no net current
results.

If an external field is applied, a drift motion
appears, and an net electric current results.




)= keT)+04(E))= vd(E)_TT

thermal motion | drift velocity
j=n(-e)p) of electrons
eE

where 7= A/vmnds the relaxation time. Then the
electric current density Is

ne‘r

J= m Ohm’s law In
differential from

where ois called electric conductivity.

unit : Q -Ims.




The electric conductivity for some typical

substances

substances

conductivity @ -m?

silver

6.2 X 10’

copper

5.8 X 10’

water

2X10*

fused quartz

10-17




The reciprocal of the conductivity o is called the
resistivity

p="—

AV AV

AV |
lp
/05 / &Ohm’s Iaw]
resistance




a perfect crystal lattice --- no resistance

a. Imperfections of crystals
Impurities

substitutional
Impurity

Interstitial impur@




vacancies

vacancy j

@
® \D

CHCECECEGCEG)
CECECECNGCEG)
CECECECNGCEG)
CHOCNCEOCNOCEG)
® DO
® DO

dislocations

®
®
®

®
®
®

\@ge dislocaticﬁ

CECECECNGCEG)
CHCECECNGCEG)

b. thermodynamic oscillations of the ions




Example Assume the current density In a copper
wire is 2.4A/mm?, the free electron density in the

copperis n=8.4x10"/m* . Estimate the drift
velocity of the free electrons.

Solution:
] 2.4x10° A/m*

Dy =—

ne  8.4x10%/m’x1.6x10°C

=1.8x10™* m/sec.




_V

| =—=GV, G=R™"— conductance

R
unit: Q™ or siemens (S)

negative differentia

conductance
(resistance)

G=dl/dV
(R=dV/dI)

/

Nonlinear voltage-current(V-A)

relation of a tunnel diode







K

__E(
ol 2

Correct result Is

Ke

e

2
j =1.11x10° W-Q/K?

Wiedemann-Franz law |




b
b
AV =IE-dI:RI.
R-- resistgnce between aand b
For a closed circuit, the
a

above equation becomes
$E-dl =RI.

Since EfE .dl = 0 for static field,
we have 1=0. a
A static field cannot maintain a

current in a closed circuit.




electric power supplies:
dry cell, storage battery,
generator.

K--non-electrostatic
HE e

Ohm’slaw: j=0(K+E)

The electromotive positive negative
force can be defined as pole | pole

€=‘+[K~d|

/

" inside the power supply |




For a closed circuit, we have
§(K+E)-d| = IR.
or fK-dl -IR— £=IR.
L

For a open circuit, we have j=0. Then

K=-E — ]‘K-dlz—]‘E-dl.




To calculate the currents In the complex circuit

as shown In the figure, we usually apply Kirchhoff’s
rules.

Loop rule: The
algebraic sum of the

voltage gains around any
closed loop Is zero.

Junction rule: The
algebraic sum of
currents flowing into
any junction Is zero.




Loop rule-- conservation of energy.

Junction rule-- conservation of charge.
direction o_f loop

I
_I L ! ——
voltage gain voltage drop

assumed current
| direction

I_ —_— ! -
voltage drop voltage gain
A Vvoltage drop Is a negative voltage gain.




LOOp 1. E2+|2R2—|3R3—|4R4:O;

LOOp 2 |4R4—|5R5+|6R6201

Loop3: E-ILR -1,R,—E—I¢R;=0;
Junction A:
,—1,—1;=0;
Junction B:
l,—1,— 15 =0;
Junction C:

|2+|4_|6:O;




Supplementary problem 1. Using Kirchhoff's rules,
determine the currents in the branches of the
circuit shown in the accompanying figure.




A nonconducting material , such as paper,
wood, air, fused quartz, Teflon, amber and mica, IS
called dielectrics.

polar dielectrics molecules with permanent

dipole moment.
non-polar dielectrics molecules without
permanent dipole moment.

ferroelectrics having a natural tendency

for the permanent dipoles
to align.




total dipole moment per
<p> unit volume.

Ember of moleculed |average dipole moment of@

per unit volume molecules




The permanent dipole moments of some molecules

H,0, 6.03x10™° C-m
CO, 4.00x10™° C-m
HCI, 3.43x107 C-m

The potential energy of a dipole in the field:
U=—p-E+C=pEcoséd+C




Using Boltzmann’s distribution, the average dipole
moment in the field Is

1.0
0.8
0.6

0.4
0.2
0.0




electric susceptibilit

P — ZegOE

Molecules In have no
permanent dipole

Under the action of applied field they form
Induced dipole via distortion and displacement of
the electron clouds relative to the atomic nuclei

p — 47580 R3 EO

—E, (Example 15.11)

gravitational or inertial forces, and mechanical stress
(piezoelectric) may induce moments too




have spontaneous polarization

Barium titanate BaTiO,




Faraday found that when dielectric is inserted
between two plates of the capacitor, the capacitance
Increased. The ratio of new capacitance C,to C Is

Co_Ga_ =g >1 (AV = const.)
O

Ca_AV _ s (q = const.)

C AV,
Then, the capamtance of the parallel- plate

capacitor with dielectric is
, A
C, :grczé‘é‘oA:E |

. ... d ~d
£ ---electric permittivity, dielectric constant

& ---relative permittivity, relative dielectric constant




The Increase of the capacitance is due to the
polarization charge.

. -q g
Model: For each molecule t_here are o —e
charges * q separated by a distance o. o

The electric polarization vector is P =ngo.

number of molecules
per unit volume

The polarization charge
surface densities are




—h
=
D
D

Thus, the field between
two plates Is

=+
+
+
=+
+
=+
+
=+
=+
+
=+
+
=+
+
=+
+
+
=+
+
=+
+
=+
=+
+
=+
+
=+
+

AV _ Ed _ O-freed _ Qd .
80(1+Ze) 80(1+Ze)8

C, = 50(13756)8 —(1+z)C. =P & =1+4.




How many charge Is
gained or lost in a volume V
due to the polarization?

The charge moved across a
surface element dS iIs
ngodS cosé = P - ndS.

The total charge displaced

out of the volume V Is
§SP -ndS.

The total charge left behind the
volume Is

Oe = —§SP -ndS = —§SP -dS.




From Gauss’ law , we have
L) §SE -dS = Qiotal = Gfree T gp

= Ufree — §SP ' dS;

§s (€0E + P)-dS = Grediglectric displacement
(vector)

We define D=g,E+P.
Therefore, Gauss’ law can be rewritten as

§SD -dS = Ufree -
For isotropic dielectrics, we have
D = goE + P = go(l‘l‘)(e)E — gogrE = €E.




Example 16.2 Calculate the capacitance of a parallel -
-plate capacitor with dielectric slab inserted midway

between two plates. Splution: Making a cylindrical
gaussian surface with one end
T , Inside one of the metal plates and
_IL | the other base inside the slab of
f

DL ZZZR jic|cctrics or inside the the gaps.

With the use of Gauss’s law, we
1
have

DR O-freeS, or D = Oree

where S’ the area of the base and S In the area of the
plate.. Thus the electric field Is




Inside the gap,

= o
E = €0
_Q
EE  EES
The potential difference between two plates Is

- Inside the dielectrics.

AV = gi(d—t)+ Q¢

EEpS
Therefore, the capamtance IS
O E0S 3 E0S

AV (d-t)—t/e, d—(1-1/g)t’
When t=d, we have

When t=0, we have




material 2 &

n ---normal vector
152

D2 ‘NS + D& (_n)S — GfreeS

material 1 &

the boundary condition
" for the normal component

the boundary condition
the tangential compon




The energy storage of a charged capacitor

« o
The work required to transfer a ‘

charge dq from the low plate to

the upper plate is
j—

dW = AVdq - Y 4q
C

Then, the total work required to increase the charge
from zero to some amount Q IS

Q 2
W:jﬂdq_lQ
- C

2C




Therefore, the electric energy potential in the
capacitor Is

2

u=1 _ 1C(AV)2.
2 C 2

For a parallel-plate capacitor

C=? and AV = Ed,

Then

1 &5 1
U=="A(Ed) ==¢&E*(Sd).
12 (Eg)f = L eE(50)

The energy density Is

terslep
2 2




Assignment: 16.9; 16.12




Op =—§Sp-nds =—§SP-ds ——|V-Pdr.
V

e =jppdz'.
\Y

mn charge density

For an arbitrary volume,

jppdT:—jV-Pdr,
Vv Vv

then pp=—V-P, l




