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Conservation of Charge
Current Density, J
Drift Speed, V
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Resistance
Resistivity ρ & Conductivity σ
Macroscopic & Microscopic Expressions
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26-2 Electric Current
• An electric current is a stream of moving charges

• Not all moving charges constitute an electric current.
• If there is to be an electric current through a given surface, there must be a 

net flow of charge through that surface. 

• Conduction electrons pass 
through both directions at the 
rate of many billions per 
second, but there is no net 
transport of charge, thus no 
current through the wire.

• CONNECT A BATTERY!  To 
cause movement of a charge, 
there must be a potential 
difference. 

• There now is a net transport of 
charge and thus an electric 
current through the wire.

e-

e-e-e-

An isolated 
copper wire 
containing 
conduction 
(free) 
electrons

imaginary surface

• Free electrons (conduction electrons) are moving in random motion at 
speeds of order 106 m/s.

+     Battery  
-

e-

e-e-
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• Electric field creates a force which acts on conduction electrons!
• This forces causes to move electrons and electric current is established.

26-2 Electric Current

• Fig. (a) reminds us, any isolated conducting loop is all 
at the same potential. No electric field can exist within 
it or along its surface.

• If we insert a battery in the loop, as in Fig. (b),
• The conducting loop is no longer at a single 

potential.
• Electric fields act inside the material making up the 

loop, exerting forces on internal charges, causing 
them to move and thus establishing a current.
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• The electric current is the amount of charge per unit 
time that passes through a plane that pass completely 
through the conductor.

• The total charge that passes through the plane in a time 
interval extending from 0 to t.

The SI unit for current is the coulomb 
per second, or the ampere (A):

Example: The electric current in a wire is 6 A. How many electrons flow 
past a given point in a time of 3 s? 

I = 6 A

q = (6 A)(3 s) = 18 C

Recall that: 1 e- = 1.6 x 10-19 C, then convert:

In 3 s:  1.12 x 1020 electrons  

Total number of electrons= 18 C / (1.6x10-19 C)

26-2 Electric Current
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• Under steady-state conditions, the current is the 
same for planes aa’, bb’, and cc’ and for all 
planes that pass completely through the 
conductor, no matter what their location or 
orientation.

• The direction of conventional current is always 
from a point of higher potential (+ terminal) 
toward a point of lower potential (- terminal).

• Current and positive charge carriers motion are in 
the same direction (actual charge carriers are 
negative and move in the opposite direction).

Current direction

26-2 Electric Current
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26-2 Electric Current, Conservation of Charge

• Alternating Current (AC)
• Provided by power companies

• Direct Current (DC)
• Provided by batteries

Kirchoff’s Law:
Sum of total current into a
junction must equal sum of total 
current out: Conservation 
of Charge! 
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26-2 Electric Current, Conservation of Charge

Fill in the blanks.
Think water in hose! 

2 + 3=5

1+ 2 =3

 3A

3+ 2 =5

¯ 2A
2 + 4 =6

6 + 2 =8
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26-3 Current Density

i

 Flow of charge through the cross-section of a conductor at 
a particular-point is described by current density, J.

• Current density, J, is a vector quantity that has both 
magnitude and direction.
• Current is uniform across the surface and parallel to dA.

Magnitude of current density Direction of current density 

 It has the same direction as the velocity of moving 
charges if they are positive and  the opposite 
direction if they are negative.

 Current density can be represented by streamlines.
 Current in Section a is equal to current in Section b 

since charge is conserved. However, the current 
density changes-it is greater in the narrower 
conductor;  Ja < Jb

Unit: current/area:
                 A/m2

a b
Ei

J
dA
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26-3 Current Density, Drift Speed

 In the figure, the drift of positive charge carriers is in the direction of the applied 
electric field, E. If we assume that 
 these charge carriers all move with the same drift speed vd, 
 the current density J is uniform across the wire’s cross-sectional area A, 

 The number of charge carriers in a length L of the wire is nAL.  Here n is the 
number of carriers per unit volume (Carrier charge density, C/m3). 

 The total charge of the carriers in the length L, each with charge e, is then

 The total charge moves through any cross section of the wire in the time interval

 When a conductor has a current 
passing through it, the electrons 
move randomly, but they tend to drift 
with a drift speed vd in the direction 
opposite that of the applied electric 
field that causes the current. 

 The drift speed is tiny compared 
with the speeds in the random 
motion.

Drift speed: vd :Velocity at which electrons move in order 
to establish a current.

Ei
LA
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26-3 Current Density, Drift Speed

+

+

+

+

-

-

-

-

All quantities defined in terms of + charge movement!

(a) right

(c) right 

(b) right 

(d) right 
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Example, Current Density, Uniform and Nonuniform:

26-3 Current Density, Drift Speed

3
4 Atot

1
4 Atot

 

i ∼A ∼R2

¢A = 3
4 Atot

i

dr

dA
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Example, In a current, the conduction electrons move very slowly:

26-3 Current Density, Drift Speed

 

If electrons move so slowly, Why 
does a light come on the instant 
You throw the switch? 
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26-4 Resistance and Resistivity

• Electrons are not “completely free to move” in a  conductor.
• Electrons moving through a material undergo many 

collisions which hinders their motion. 
• The mechanical analog  is friction.
• The resistance R is then

• Resistance btw any two points of a conductor is found by applying a potential 
difference V btw those points and measuring the current i that results. 

 The SI unit for resistance is the volt per ampere. This has a special name, the ohm 
(symbol Ω):

 In a circuit diagram, we represent a resistor and a resistance with the symbol      .

Devices specifically designed to have a constant value of R are called 
resistors

Resistance α Potential
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The resistivity  of a resistor is defined 
as:

The SI unit for  is .m. 

26-4 Resistance and Resistivity

The conductivity  of a material is the 
reciprocal of its resistivity:

The SI unit for σ is Siemens/m. 

Put pebbles in the hose, 
increase resistivity ρ, 
increase resistance R.

Metal “field lines”

These two 
devices could 
have the 
same 
resistance
R, when 
measured on 
the outgoing 
metal leads.
However, it is 
obvious that 
inside of 
them different 
things go on.
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26-4 Resistance and Resistivity,Calculating Resistance from Resistivity

Resistance may vary depending 
on the geometry of the material 
(length, L and cross-sectional 
area, A) but resistivity not.

Longer ® More resistance

Wider ® Less resistance
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26-4 Resistance and Resistivity

The copper wire has radius r. What 
happens to the Resistance R if you:
(a)Double the Length? 
(b)Double the Area? 
(c)Double the Radius?  

R ® 2R
R® R / 2

R® R / 4
A =pr2

What happens to the Resistivity ρ if you:
(a)Double the Length? 
(b)Double the Area? 
(c)Double the Radius?  

 ® 

 ® 

 ® 
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Example: Two conductors are made of the same material and have the same length.

B
A

AA=pr2

AB= p(2r)2 -pr2 =3pr2

R=L/A

RA/RB= AB/AA= 3

LA=LB=L &  Cancels

26-4 Resistance and Resistivity,Calculating Resistance from Resistivity

Conductor A is a solid wire 
of diameter r=1.0mm.

Conductor B is a hollow tube of 
outside diameter 2r=2.0mm and 
inside diameter r=1.0mm.

What is the resistance ratio RA/RB, measured between their ends?
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Example, A material has resistivity, a block of the material has a resistance:

26-4 Resistance and Resistivity

Example
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Example, In a current, the conduction electrons move very slowly:

26-4 Resistance and Resistivity & Drift Speed
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26-4 Resistance and Resistivity,Calculating Resistance from Resistivity

: resistivity
o: resistivity at selected reference point
T: temperature
To: reference temperature
: temperature coefficient resistivity

The relation between Temperature and Resistivity for 
copper (for metals in general) is fairly linear over a rather 

broad temperature range.
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26-4 Resistance and Resistivity
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26-4 Resistance and Resistivity

V1 = imRd 

i1 = V1/Rw 

V2 = imRw 

Rd = 1.0x105

Rw = 1.5x103

im = 1x10–3A
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26-5 Ohm’s Law

not 
ohmic

ohmic

Georg Simon Ohm
 (1789-1854)

Most metals, having good conductivity are ohmic.
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26-5 Ohm’s Law

V =iR
R =V / i =constant
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A voltage of 100V is put over a thick wire of unknown material. The current is 
measured is 4.5x103 A. The cross section of the wire is 1cm2 and the length is 
10 m. What material is the cable made of?

Example

R = V/I = 0.022 Ω =  L/A  =0.022A/L
A=1cm2=0.0001m2  & L=10 m  =2.2x10 -7 ohm.m  Lead

26-5 Ohm’s Law
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26-6 A Microscopiv view of Ohm’s Law
 It is often assumed that the conduction electrons in a metal move with a 

single effective speed veff, and this speed is essentially independent of the 
temperature. 
 For copper, veff =1.6 x106 m/s.

 When we apply an electric field to a metal sample, the electrons modify their 
random motions slightly and drift very slowly with an average drift speed vd. 
 The drift speed in a typical metallic conductor is about 5 x10-7 m/s, less than 

the effective speed (1.6 x106 m/s) by many orders of magnitude.
 The motion of conduction electrons in an electric field is a combination of the 

motion due to random collisions and that due to E.
 If an electron of mass m is placed in an electric field of magnitude E, the 

electron will experience an acceleration:

In the average time τ between collisions, the average electron will acquire a 
drift speed of vd =aτ.
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• The assumption that the conduction electrons in a 
metal are free to move like the molecules in a gas 
leads to an expression for the resistivity of a metal:

• Here n is the number of free electrons per unit 
volume and τ is the mean time between the collisions 
of an electron with the atoms of the metal.

• Metals obey Ohm’s law because the mean free time 
τ is approximately independent of the magnitude E 
of any electric field applied to a metal.  The gray lines show an 

electron moving from A to B, 
making six collisions in route.

 The green lines show what 
the electron’s path might be 
in the presence of an applied 
electric field E. 

 Note the steady drift in the 
direction of  -E. 

26-6 A Microscopiv view of Ohm’s Law

 



November 01, 2022 29PHY102 Physics II © Dr.Cem Özdoğan

Example, Mean Free Time and Mean Free Distance:

26-6 A Microscopiv view of Ohm’s Law
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26-7 Power in Electric Circuits
• A battery “pumps” charges through the resistor (or 

any device), by producing a potential difference V 
between points a and b. 

• A steady current i is produced in the circuit, directed 
from terminal a to terminal b. 

• The amount of charge dq that moves from terminals 
a to b in time interval dt is equal to i dt. 

• Its electric potential energy decreases in magnitude 
by the amount;

• The power P (rate of electrical energy transfer) 
dU/dt, given byHow much work does 

the battery do to move 
a small amount of 
charge dq from b to a? 

dW = –dU = -dq×V = (dq/dt)×dt×V= iV×dt
The battery “power” is the work it does per unit time:

P = dW/dt = iV
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• This power is also equal to rate of energy transfer 
from battery to device.

Applies to electrical energy transfers of all kinds.

 Apply only to the transfer of electric potential energy 
to thermal energy in a device with resistance.

• P=iV is true for the battery pumping charges through 
any device.

• If the device follows Ohm’s law (i.e., a resistor), 
then V=iR or i=V/R and

26-7 Power in Electric Circuits
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Example, Rate of Energy Dissipation in a Wire Carrying Current:

26-7 Power in Electric Circuits

Why is this unwise??? P =iV =i2R =V 2 / RP =iV =i2R =V 2 / R
P =iV ® 4P =(4i)VP =iV ® 4P =(4i)V

Current i increases by 4.
House Circuit Breaker 3A.  

i =P /V =200W /120V =1.67A
® 4P /V =6.67A
i =P /V =200W /120V =1.67A
® 4P /V =6.67A
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Rank them according to the 
power  dissipated by them, 
greatest first, when the same 
potential difference V is 
placed across their lengths. 

P =iV =i2R =V 2 / RP =iV =i2R =V 2 / R

Ra =
L
A

Rb =
3L / 2

A / 2
=3

L
A

=3Ra Rc =
L / 2

A / 2
=
L
A

=Ra Ra =Rc < Rb

Step I: The resistivity ρ is the same (all three are copper). Find the Resistance 
R=ρL/A for each case:

Pa =Pc > Pb Ranking is reversed since R is downstairs.

26-7 Power in Electric Circuits

Step III: Rank the power using P=V2/R since V is same.

ia =ic > ibStep II: Rank the current using V=iR or i=V/R with V constant!
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26-7 Power in Electric Circuits

 

Example: A P=1250 Watt radiant heater is constructed to operate at 
V=115Volts. 

(a) What is the resistance of the heating coil? 
(b) What will be the current in the heater? 
(c) How much thermal energy is produced in 1.0 hr by the heater?

• Formulas: P=i2R=V2/R; V=iR 
• Know P, V; need R to calculate current!
(a) P=1250W; V=115V => R=V2/P=(115V)2/1250W=10.6 
(b) i=V/R= 115V/10.6 =10.8 A 
(c) P=dU/dt => ΔU=P×Δt = 1.250kW•hr = 1250W × 3600 sec= 4.5 MJ
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26-8 Semiconductors

 A semiconductor is like an insulator except that the energy required to free 
some electrons is not quite so great. 

 In a semiconductor, n is small but increases very rapidly with temperature 
as the increased thermal agitation makes more charge carriers available. 
 This causes a decrease of resistivity with increasing temperature.

The resistivity in a 
conductor is given 
by: 

 Pure silicon has a high resistivity and it is effectively an insulator. However, 
its resistivity can be greatly reduced in a controlled way by adding minute 
amounts of specific “impurity” atoms in a process called doping.

 The process of doping can supply electrons or positive charge carriers that 
are very loosely held within the material and thus are easy to get moving.
 Also, by controlling the doping of a semiconductor, one can control the 

density of charge carriers that are responsible for a current. 
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26-9 Superconductors
• The resistivity of material absolutely disappears at very low temperatures.
• This phenomenon is called superconductivity.  
• It means that charge can flow through a superconducting conductor without 

losing its energy to thermal energy.

The resistance of mercury drops to zero at a 
temperature of about 4 K.
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26 Solved Problems

1. (1) During the 4.0 min a 5.0 A current is set up in a wire, how 
many (a) coulombs and (b) electrons pass through any cross 
section across the wire’s width?
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26 Solved Problems
2. (11) What is the current in a wire of radius R=3.40 mm if the 

magnitude of the current density is given by (a) Ja=J0r/R and (b) 
Jb= J0(1-r/R), in which r is the radial distance and J0 =5.50x104 
A/m2? (c) Which function maximizes the current density near the 
wire’s surface?
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26 Solved Problems
3. (18) A wire 4.00 m long and 6.00 mm in diameter has a resistance of 

15.0 mΩ. A potential difference of 23.0 V is applied between the 
ends. (a) What is the current in the wire? (b) What is the magnitude 
of the current density? (c) Calculate the resistivity of the wire 
material. 
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26 Solved Problems
4. (23) When 115 V is applied across a wire that is 10 m long and has a 

0.30 mm radius, the magnitude of the current density is 1.4x104 
A/m2. Find the resistivity and conductivity of the wire.



November 01, 2022 41PHY102 Physics II © Dr.Cem Özdoğan

26 Solved Problems
5. (24) Figure gives the magnitude E(x) 

of the electric fields that have been 
set up by a battery along a resistive 
rod of length 9.00 mm. The vertical 
scale is set by Es= 4.00×103 V/m. 

The rod consists of three sections of the same material but with different 
radii. (The schematic diagram of Fig. 26-24b does not indicate the 
different radii.) The radius of section 3 is 2.00 mm. What is the radius of 
(a) section 1 and (b) section 2
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26 Solved Problems
6. (47) A heating element is made by maintaining a potential difference 

of 75.0 V across the length of a Nichrome wire that has a 2.60 ×10-6 
m2 cross section. Nichrome has a resistivity of 5.00 × 10-7 Ωm.

(a) If the element dissipates 5000W, what is its length? 
(b) If 100 V is used to obtain the same dissipation rate, what should the 

length be? 
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26 Solved Problems
7. (53) A 120 V potential difference is applied to a space heater that 

dissipates 500 W during operation. 
(a) What is its resistance during operation?
(b) At what rate do electrons flow through any cross section of the 

heater element?



Resistance of a Conductor
•Resistance R of a conductor is defined 
by
•Similarly the resistivity and conductivity of 
a material is defined by

•Resistance of a conducting wire of 
length L and uniform cross section is

44PHY102 Physics II © Dr.Cem Özdoğan

26  Summary
Current
•The electric current i in a conductor 
is defined by

Current Density
•Current is related to current density 
by

Eq. 26-1

Eq. 26-4

Eq. 26-8

Eq. 26-7

Eq. 26-10&12

Change of ρ with Temperature
•The resistivity of most material changes with 
temperature and is given as

Eq. 26-16

Eq. 26-17

November 01, 2022

Drift Speed of the Charge Carriers
•Drift speed of the charge carriers in an 
applied electric field is related to current 
density by

Ohm’s Law
•A given device (conductor, resistor, or any other 
electrical device) obeys Ohm’s law if its resistance 
R (defined by Eq. 26-8 as V/i) is independent of the 
applied potential difference V.

Resistivity of a Metal
•By assuming that the conduction electrons in a 
metal are free to move like the molecules of a gas, it 
is possible to derive an expression for the resistivity 
of a metal:

Eq. 26-22

Power
•The power P, or rate of energy transfer, in an 
electrical device across which a potential difference 
V is maintained is

•If the device is a resistor, we can write
Eq. 26-26

Eq. 26-27&28
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