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Resistance of Resistors with Non-Uniform Area

For a resistor with uniform cross-section A, made of material with
resistivity ρ:

R =
ρL

A

What if the cross section isn’t uniform?

Use:
dR =

ρ

A(`)
d`

A(`) means Area is a function of position, `, along the length of
the conductor. (Not A times `.)



Example: Coaxial Cable

Find the resistance between the two conducting layers.

 27.2 Resistance 815

continued

(B)  If a potential difference of 10 V is maintained across a 1.0-m length of the Nichrome wire, what is the current in 
the wire?

S O L U T I O N

Analyze  Use Equation 27.7 to find the current: I 5
DV
R

5
DV1R/, 2, 5

10 V13.1 V/m 2 11.0 m 2 5  3.2 A

Finalize  Because of its high resistivity and resistance to oxidation, Nichrome is often used for heating elements in 
toasters, irons, and electric heaters.

What if the wire were composed of copper instead of Nichrome?  How would the values of the resistance 
per unit length and the current change?

Answer Table 27.2 shows us that copper has a resistivity two orders of magnitude smaller than that for Nichrome. 
Therefore, we expect the answer to part (A) to be smaller and the answer to part (B) to be larger. Calculations show 
that a copper wire of the same radius would have a resistance per unit length of only 0.053 V/m. A 1.0-m length of cop-
per wire of the same radius would carry a current of 190 A with an applied potential difference of 10 V.

WHAT IF ?

Example 27.3   The Radial Resistance of a Coaxial Cable

Coaxial cables are used extensively for cable television and other electronic appli-
cations. A coaxial cable consists of two concentric cylindrical conductors. The 
region between the conductors is completely filled with polyethylene plastic as 
shown in Figure 27.8a. Current leakage through the plastic, in the radial direc-
tion, is unwanted. (The cable is designed to conduct current along its length, but 
that is not the current being considered here.) The radius of the inner conductor 
is a 5 0.500 cm, the radius of the outer conductor is b 5 1.75 cm, and the length 
is L 5 15.0 cm. The resistivity of the plastic is 1.0 3 1013 V ? m. Calculate the resis-
tance of the plastic between the two conductors.

Conceptualize  Imagine two currents as suggested in the text of the problem. The 
desired current is along the cable, carried within the conductors. The undesired 
current corresponds to leakage through the plastic, and its direction is radial.

Categorize  Because the resistivity and the geometry of the plastic are known, we 
categorize this problem as one in which we find the resistance of the plastic from 
these parameters. Equation 27.10, however, represents the resistance of a block 
of material. We have a more complicated geometry in this situation. Because the 
area through which the charges pass depends on the radial position, we must use 
integral calculus to determine the answer.

Analyze  We divide the plastic into concentric cylindrical shells of infinitesimal 
thickness dr (Fig. 27.8b). Any charge passing from the inner to the outer conduc-
tor must move radially through this shell. Use a differential form of Equation 
27.10, replacing , with dr for the length variable: dR 5 r dr/A, where dR is the 
resistance of a shell of plastic of thickness dr and surface area A.  

S O L U T I O N

L
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conductor

Inner
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Figure 27.8  (Example 27.3) A 
coaxial cable. (a) Polyethylene plastic 
fills the gap between the two conduc-
tors. (b) End view, showing current 
leakage.

 

▸ 27.2 c o n t i n u e d

Write an expression for the resistance of our hollow 
cylindrical shell of plastic representing the area as the 
surface area of the shell:

dR 5
r dr
A

5
r

2prL
 dr
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Example: Coaxial Cable

Find the resistance between the two conducting layers.

At radius r the area a current can pass through is A(r) = 2πrL

R =

∫b
a

ρ

2πrL
dr

=
ρ

2πL
[ln b − ln a]

=
ρ

2πL
ln

(
b

a

)
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Ohm’s Law

Ohm’s Law

The current through a device is directly proportional to the
potential difference applied across the device.

∆V ∝ I

Not all devices obey Ohm’s Law!

In fact, for all materials, if ∆V is large enough, Ohm’s law fails.

They only obey Ohm’s law when the resistance of the device is
independent of the applied potential difference and its polarity
(that is, which side is the higher potential).



Ohm’s Law Question

The following table gives the current i (in amperes) through two
devices for several values of potential difference V (in volts).
Which of the devices obeys Ohm’s law?

Ohm’s law is an assertion that the current through a device is always directly
proportional to the potential difference applied to the device.

A conducting device obeys Ohm’s law when the resistance of the device is indepen-
dent of the magnitude and polarity of the applied potential difference.

CHECKPOINT 4

The following table gives the current i (in
amperes) through two devices for sev-
eral values of potential difference V (in
volts). From these data, determine which
device does not obey Ohm’s law.

Device 1 Device 2

V i V i

2.00 4.50 2.00 1.50
3.00 6.75 3.00 2.20
4.00 9.00 4.00 2.80
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Fig. 26-11 (a) A potential difference V
is applied to the terminals of a device,
establishing a current i. (b) A plot of cur-
rent i versus applied potential difference V
when the device is a 1000 ! resistor. (c) A
plot when the device is a semiconducting
pn junction diode.
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26-5 Ohm’s Law
As we just discussed in Section 26-4, a resistor is a conductor with a specified
resistance. It has that same resistance no matter what the magnitude and direction
(polarity) of the applied potential difference are. Other conducting devices, how-
ever, might have resistances that change with the applied potential difference.

Figure 26-11a shows how to distinguish such devices. A potential difference
V is applied across the device being tested, and the resulting current i through the
device is measured as V is varied in both magnitude and polarity. The polarity of
V is arbitrarily taken to be positive when the left terminal of the device is at a
higher potential than the right terminal. The direction of the resulting current
(from left to right) is arbitrarily assigned a plus sign. The reverse polarity of V
(with the right terminal at a higher potential) is then negative; the current it
causes is assigned a minus sign.

Figure 26-11b is a plot of i versus V for one device. This plot is a straight line
passing through the origin, so the ratio i/V (which is the slope of the straight line)
is the same for all values of V. This means that the resistance R " V/i of the
device is independent of the magnitude and polarity of the applied potential
difference V.

Figure 26-11c is a plot for another conducting device. Current can exist in this
device only when the polarity of V is positive and the applied potential difference
is more than about 1.5 V.When current does exist, the relation between i and V is
not linear; it depends on the value of the applied potential difference V.

We distinguish between the two types of device by saying that one obeys
Ohm’s law and the other does not.

(This assertion is correct only in certain situations; still, for historical reasons, the
term “law” is used.) The device of Fig. 26-11b—which turns out to be a 1000 !
resistor—obeys Ohm’s law. The device of Fig. 26-11c—which is called a pn junc-
tion diode—does not.

All homogeneous materials, whether they are conductors like copper or semicon-
ductors like pure silicon or silicon containing special impurities, obey Ohm’s law
within some range of values of the electric field. If the field is too strong, however,
there are departures from Ohm’s law in all cases.

A conducting material obeys Ohm’s law when the resistivity of the material is
independent of the magnitude and direction of the applied electric field.

It is often contended that V " iR is a statement of Ohm’s law. That is not
true! This equation is the defining equation for resistance, and it applies to all
conducting devices, whether they obey Ohm’s law or not. If we measure the
potential difference V across, and the current i through, any device, even a pn
junction diode, we can find its resistance at that value of V as R " V/i.The essence
of Ohm’s law, however, is that a plot of i versus V is linear; that is, R is inde-
pendent of V.

We can express Ohm’s law in a more general way if we focus on conducting
materials rather than on conducting devices. The relevant relation is then
Eq. 26-11 which corresponds to V " iR.(E

:
" # J
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(A) 1 only

(B) 2 only

(C) both

(D) neither

1Halliday, Resnick, Walker, page 692.
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A reason for Ohm’s Law?
Electrons in an electric field accelerate.

We supply a constant potential difference across a resistor. Why
do the electrons not move faster and faster?

The mechanism for resistance is that the electrons collide with
atoms in the resistive material.

69326-6 A M ICROSCOPIC VI EW OF OH M’S LAW
PART 3

26-6 A Microscopic View of Ohm’s Law
To find out why particular materials obey Ohm’s law, we must look into the
details of the conduction process at the atomic level. Here we consider only con-
duction in metals, such as copper. We base our analysis on the free-electron
model, in which we assume that the conduction electrons in the metal are free to
move throughout the volume of a sample, like the molecules of a gas in a closed
container. We also assume that the electrons collide not with one another but
only with atoms of the metal.

According to classical physics, the electrons should have a Maxwellian speed
distribution somewhat like that of the molecules in a gas (Section 19-7), and thus
the average electron speed should depend on the temperature. The motions of
electrons are, however, governed not by the laws of classical physics but by those
of quantum physics. As it turns out, an assumption that is much closer to the
quantum reality is that conduction electrons in a metal move with a single effec-
tive speed veff, and this speed is essentially independent of the temperature. For
copper, veff ! 1.6 ! 106 m/s.

When we apply an electric field to a metal sample, the electrons modify their
random motions slightly and drift very slowly—in a direction opposite that of
the field—with an average drift speed vd. The drift speed in a typical metallic con-
ductor is about 5 ! 10"7 m/s, less than the effective speed (1.6 ! 106 m/s) by many
orders of magnitude. Figure 26-12 suggests the relation between these two
speeds.The gray lines show a possible random path for an electron in the absence
of an applied field; the electron proceeds from A to B, making six collisions along
the way. The green lines show how the same events might occur when an electric
field is applied. We see that the electron drifts steadily to the right, ending at B#
rather than at B. Figure 26-12 was drawn with the assumption that vd ! 0.02veff.
However, because the actual value is more like vd ! (10"13)veff, the drift displayed in
the figure is greatly exaggerated.

The motion of conduction electrons in an electric field is thus a combina-
tion of the motion due to random collisions and that due to When we consider
all the free electrons, their random motions average to zero and make no con-
tribution to the drift speed. Thus, the drift speed is due only to the effect of the
electric field on the electrons.

If an electron of mass m is placed in an electric field of magnitude E, the elec-
tron will experience an acceleration given by Newton’s second law:

(26-18)

The nature of the collisions experienced by conduction electrons is such that,
after a typical collision, each electron will—so to speak—completely lose its
memory of its previous drift velocity. Each electron will then start off fresh after
every encounter, moving off in a random direction. In the average time t between
collisions, the average electron will acquire a drift speed of vd $ at. Moreover, if
we measure the drift speeds of all the electrons at any instant, we will find that
their average drift speed is also at. Thus, at any instant, on average, the electrons
will have drift speed vd $ at.Then Eq. 26-18 gives us

(26-19)

Combining this result with Eq. 26-7 in magnitude form, yields
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Fig. 26-12 The gray lines show an
electron moving from A to B, making
six collisions en route.The green lines
show what the electron’s path might
be in the presence of an applied elec-
tric field Note the steady drift in the
direction of (Actually, the green
lines should be slightly curved, to rep-
resent the parabolic paths followed by
the electrons between collisions, under
the influence of an electric field.)
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The collisions slow the drift of the electrons.
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A reason for Ohm’s Law?

We will argue that we can model resistivity as being inversely
proportional to the average time between collisions τ:

ρ ∼
1

τ

The model is the Drude model. We pretend that electrons are like
little balls that collide from time to time with atoms, and are
accelerated by the field.

ae =
Fnet

me
=

(−e)E

me

The acceleration stops when a collision occurs, after an average
time interval, τ.

vd = aeτ =
eEτ

me



A reason for Ohm’s Law?

vd = aeτ =
eEτ

me

Last lecture we found for a current of electrons:

J = n e vd

And we can also write J = E
ρ .

Equating them, and using the expression for the drift velocity:

E

ρ
= ne

eEτ

me

Rearranging:

ρ =
me

ne2τ

me , n, and e are constants, so ρ ∝ 1
τ .



A reason for Ohm’s Law?

Resistivity is roughly inversely proportional to the average time
between collisions τ:

ρ ∼
1

τ

So, does the time between collisions depend on the potential
difference across the conductor?

It would, if the electric field caused a large change in the average
electron’s velocity. We would expect faster moving electrons to
collide more frequently (τ would decrease).



A reason for Ohm’s Law?

ρ ∼
1

τ

However, the average velocity of an electron in room temperature
copper is v ∼ 1.6× 106 m/s.

The drift velocity is perhaps vd ∼ 10−7 m/s : vd
v ≈ 10−13 !

This means that varying the potential difference will have a
negligible effect on τ and therefore also on the resisitivity ρ.

⇒ R is independent of ∆V in many cases.

⇒ ρ can depend on temperature!



More exotic conducting materials

So far, we have talked about conductors and insulators.

However, there are materials that behave in ways quite different
from the conductors and insulators we have investigated so far.
They are:

• semiconductors

• superconductors



Semiconductors

Semiconductors have resistivities between those of conductors and
insulators.

However, their resistivities can be controlled by several different
means (depending on the type of semiconductor):

• by adding impurities during manufacture

• by electric fields

• by light

This allows for many new kinds of components in circuits: ones
that amplify currents, emit light, are light sensitive, implement
switching, etc.



Semiconductors

LED (light emitting diodes) are one application of semiconductors.

Transistors are another. Transistors can act as an amplifier or a
switch in a circuit.

1Figure by FDominec, on Wikipedia.



Semiconductors

Silicon is perhaps the most famous semiconductor.

Recall that we had a model relating resistivity to temperature:

ρ− ρ0 = ρ0α(T − T0)

For silicon α is negative! The resistivity decreases as temperature
increases.

This is because at higher temperatures more electrons have enough
energy to become freely-moving conducting electrons.



Superconductors
Superconducting materials are elements, alloys, or compounds that
exhibit a remarkable property: below some characteristic
temperature the resistivity of the material is effectively zero.

69726-9 S U PE RCON DUCTORS
PART 3

as can an electric field applied across the conductor.The field would not only free
these loosely held electrons but would also propel them along the wire; thus, the
field would drive a current through the conductor.

In an insulator, significantly greater energy is required to free electrons so
they can move through the material. Thermal energy cannot supply enough en-
ergy, and neither can any reasonable electric field applied to the insulator. Thus,
no electrons are available to move through the insulator, and hence no current
occurs even with an applied electric field.

A semiconductor is like an insulator except that the energy required to free
some electrons is not quite so great. More important, doping can supply electrons
or positive charge carriers that are very loosely held within the material and thus
are easy to get moving. Moreover, by controlling the doping of a semiconductor,
we can control the density of charge carriers that can participate in a current and
thereby can control some of its electrical properties. Most semiconducting
devices, such as transistors and junction diodes, are fabricated by the selective
doping of different regions of the silicon with impurity atoms of different kinds.

Let us now look again at Eq. 26-25 for the resistivity of a conductor:

(26-29)

where n is the number of charge carriers per unit volume and t is the mean time
between collisions of the charge carriers. (We derived this equation for conduc-
tors, but it also applies to semiconductors.) Let us consider how the variables n
and t change as the temperature is increased.

In a conductor, n is large but very nearly constant with any change in temper-
ature. The increase of resistivity with temperature for metals (Fig. 26-10) is due
to an increase in the collision rate of the charge carriers, which shows up in
Eq. 26-29 as a decrease in t, the mean time between collisions.

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, as indicated by the negative
temperature coefficient of resistivity for silicon in Table 26-2. The same increase
in collision rate that we noted for metals also occurs for semiconductors, but its
effect is swamped by the rapid increase in the number of charge carriers.

26-9 Superconductors
In 1911, Dutch physicist Kamerlingh Onnes discovered that the resistivity of mercury
absolutely disappears at temperatures below about 4 K (Fig. 26-14). This phenome-
non of superconductivity is of vast potential importance in technology because it
means that charge can flow through a superconducting conductor without losing its
energy to thermal energy. Currents created in a superconducting ring, for example,
have persisted for several years without loss; the electrons making up the current re-
quire a force and a source of energy at start-up time but not thereafter.

Prior to 1986, the technological development of superconductivity was throttled
by the cost of producing the extremely low temperatures required to achieve the ef-
fect. In 1986, however, new ceramic materials were discovered that become super-
conducting at considerably higher (and thus cheaper to produce) temperatures.
Practical application of superconducting devices at room temperature may eventu-
ally become commonplace.

Superconductivity is a phenomenon much different from conductivity. In
fact, the best of the normal conductors, such as silver and copper, cannot become
superconducting at any temperature, and the new ceramic superconductors are
actually good insulators when they are not at low enough temperatures to be in
a superconducting state.
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Fig. 26-14 The resistance of mercury
drops to zero at a temperature of about 4 K.

A disk-shaped magnet is levitated above
a superconducting material that has been
cooled by liquid nitrogen.The goldfish is
along for the ride.(Courtesy Shoji
Tonaka/International Superconductivity
Technology Center,Tokyo, Japan)
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Examples of these materials are mercury and lead. Not all
materials do this! Copper does not.

Mercury is superconducting below 4 K. (−269◦ C)



Superconductors

Before 1986, it seemed we had a good idea about how this
happened and why.

Then “high temperature” superconductors were found.

These are ceramics. One is yttrium barium copper oxide (YBCO).

The highest critical temperature, Tc , at atmospheric pressure
found so far is ∼ 138 K.

We do not really understand why these ceramics are
superconductors.

Hydrogen sulfide becomes a solid metal at extremely high
pressures. It has Tc = 203 K at around 150 gigapascals pressure.1

1Drozdov, et al. (2015). Nature 525 (7567): 73-6. arXiv:1506.08190
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Superconductors
Superconductors must be cooled to their critical temperature to
reveal their superconducting properties.

They expel magnetic field lines when cooled below their critical
temperature as surface currents cancel out external magnetic fields.

1Magnet photo by Mai-Linh Doan, Wikipedia.



Superconductors
Superconductors are used as electromagents in MRI scanners, mass
spectrometers, and particle accelerators.

1Taken at MPI fuer Biophysikalische Chemie Goettingen, by Daniel Schwen.



Superconductors

Superconductors can also be used very, very sensitive light
detectors and for quantum logic circuits. (“Transition Edge
Sensors”)

If a material was found to have a critical temperature above or
close to room temperature there would be a huge number of
applications for it.



Power

Power is the rate of energy transfer or the rate at which work is
done:

P =
dW

dt
=

dQ ∆V

dt
=

dQ

dt
(∆V )

where charge is moved through a potential difference ∆V at a rate
dQ
dt = I.

For an electrical circuit we can ask about the rate at which a
battery or other power supply transfers energy to a device.

This depends on the current and the potential difference:

P = I ∆V



Power

P = I ∆V

The units for power are Watts, W.

1 W = 1 J/s.

Does this unit agree with the new equation?

1 A V = (1 C/s) (1 J/C) = 1 J/s . Yes.
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Power Delivered

The power delivered to a device is

P = I ∆V

where I is the current through the device and
∆V is the potential difference across the device.



Power “Dissipated”

P = I ∆V

We can use this expression along with R = ∆V
I to find the power

dissipated as heat in a resistor.

Power dissipated as heat in a resistor:

P = I2R

or equivalently,

P =
(∆V )2

R

where I in the first equation is the current in the resistor and ∆V
in the second equation is the potential difference across the
resistor.



Summary

• a reason for Ohm’s Law

• semiconductors and superconductors

• power

• high voltage transmission

2nd Test Thursday, Feb 15.

Homework

• Collected homework 2, posted online, due on Monday, Feb 12.

Serway & Jewett:

• PREVIOUS: Ch 27, onward from page 824. Problems: 15, 23,
25, 29, 33, 71

• NEW: Ch 27, Problems: 39, 43, 45, 57, 73, (85)


