Lecture 7

Current and Resistance
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Lecture 06 Review

" |n Lecture 6, we learnt that the common passive electrical component
Capacitor is used to store static electric potential energy.

= One can construct a capacitor by simply placing two conductors
(plates) in isolation.

= A charged capacitor is a capacitor with equal magnitude but opposite
charges, +q and —g, on its plates.

= The capacitor stores the electric potential via the charges that it
stores.

= From Lecture 5, we realize that the two plates of the capacitor are at
different electric potentials, so there is a potential difference across
the capacitor.

= The potential difference between the two plates V is a function of the
amount of charges g on the plates and the geometry of the plates.
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Lecture 06 Review

" |nfact, there is linear relationship between g and V, where g =
CcV.

= The proportionality constant C is called the capacitance of the
capacitor. Note that C depends only on the plates geometry.

" From the relationship of charge and potential, one can see that
the higher the capacitance, the more charges that the
capacitor can store for the same amount of potential
difference.

* The amount of energy stored by the capacitor is the same as
the amount of energy needs to separate these charges. Thus,
more charges means more energy store.

= We also studied the parallel plates capacitor in depth, which
has a uniform electric field across the two plates.
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Lecture 06 Review

= We derived the formulations for capacitors in series and in
parallel.

= When one inserts a dielectric between the plates of the
capacitor, it increases the capacitance of the capacitor due
to the induced dielectric dipoles.

= The induced dipoles create a microscopic electric field that
is in the opposite direction of the initial field. The weaker E
field means more charges are needed to create the same
potential difference across the plate.

= The addition of the dielectric allows the capacitor to store
more charges or more energy.
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Lecture Outline

= Chapter 26/27, D Halliday, R Resnick, and J Walker,
“Fundamentals of Physics” 9th Edition, Wiley (2005).

= Current and Resistance
— Electric current
— Current density and drift velocity
— Resistance and resistivity
— Ohm’s law

— Power in electric circuits
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26.2: Electric Current: the most common example

a. A loop of conducting wire is in electrostatic
equilibrium. Because the entire loop i1s at
the same potential there 1s no movement of
charge within the loop.

b. If a battery 1s added to the loop imposes an
electric potential difference between the
terminals of the battery, positive charges

will move from the positive terminal to the =~

negative terminal and resulting in a 3

movement of charges. Ti Battery l
c. This movement of charges is referred to as -—i |+ — | -—i

current 1.

(b)

In fact, the free electrons (conduction electrons) in an isolated length of copper wire are
in random motion at speeds of the order of 10° m/s. But they move in all directions and
there 1s no net transport of charge and thus no current through the wire.
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26.2: Electric Current:

Electric current i is defined as the time
rate of flow of electric charges

. dg
dt

If i(?) 1s known, we can calculate the
total amount of charges that passes
through a cross-section in a time interval
fromOto¢:

q:_[dqzjidt
0

Unit for electric current:

1 ampere =1 A= 1 coulomb per second =1 C/s

PHY 1202

The current i through the conductor has
the same value at planes aa’, bb", and
cc’ because the same amount of charges
flow through these planes over the same
time interval.
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26.2: Electric Current, Conservation of Charge, and Direction of Current:

far

W A current arrow is drawn in the direction in which positive charge carriers would move,
even If the actual charge carriers are negative and move in the opposite direction.

The relation i, = i, + i, is true at junction a
no matter what the orientation in space of
the three wires. Currents are scalars, not

vectors.

If currents are vectors, then the magnitude
of 7, and i, will depends on their
orientations with i, !!!

The current arrow which is shown next to
the wire 1s only indicating the direction
that of flow for the positive charges along
the wire (conductor), it is not showing a
direction in space.

PHY 1202

The current into the
junction must equal
the current out
(charge is conserved).
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Fig. 26-3 Therelationiy=1i; + i,

is true at junction ¢ no matter what the
orientation in space of the three wires.
Currents are scalars, not vectors.
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Example:

Water flows through a garden hose at a volume flow rate dV/dt
of 450 cm?/s. What is the current of negative charge?

Calculations: We can write the current in terms of the ELN NA(L)p (dV) _ NaPmass ‘W.
number of molecules that pass through such a plane per sec- dt M )7\ dt M dt
ond as Substituting this into the equation for i, we find
charge electrons | [molecules dV
| = per per per I = .loeNAM_lpmass ?
electron / \molecule second

We know that Avogadro’s number N, is 6.02 X 10%* mole-

cules/mol, or 6.02 X 10% mol~!, and from Table 15-1 we

0 i = (e)(10) ﬂ know that the density of water pp.s under normal condi-

dt tions is 1000 kg/m®. We can get the molar mass of water

from the molar masses listed in Appendix F (in grams per

mole): We add the molar mass of oxygen (16 g/mol) to

twice the molar mass of hydrogen (1 g/mol), obtaining 18

g/mol = 0.018 kg/mol. So, the current of negative charge
due to the electrons in the water is

i = (10)(1.6 X 107 C)(6.02 X 10% mol 1)

We substitute 10 electrons per molecule because a water
(H,O) molecule contains 8 electrons in the single oxygen atom
and 1 electron in each of the two hydrogen atoms.

We can express the rate dN/dt in terms of the given vol-
ume flow rate dV/dt by first writing

molecules molecules | [ moles X (0.018 kg/mol)"1(1000 kg/m3)(450 X 10 -6 m¥s)
perd = Pelr per unit = 241 X 107 Cls = 2.41 X 107 A
secon moie mass — 241 MA. (AHSWEI‘)

mass volume

X | per unit per
volume / \ second
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26.3: Current Density:

The magnitude of current density, J, 1s equal to the current per unit area
through any element of cross section. It provides the localized view of the
current flow, the total current flow is.

i = f T-dA.

Current density, J, 1s a vector quantity, if the current 1s uniform across the
surface and parallel to dA, then J is also uniform and parallel to dA4, and then

EZJJdAZJJdA = JA

Here, A4 1s the total area of the surface.
The SI unit for current density is the ampere per square meter (A/m?).

Department of Physics
PHY 1202 BB H AR
City University of Hong Kong




26.3: Current Density:

Fig. 26-4 Streamlines representing
current density in the flow of charge
through a constricted conductor.

PHY 1202

Figure 26-4 shows how current density can
be represented with a similar set of lines,
which we can call streamlines.

The current, which 1s toward the right, makes
a transition from the wider conductor at the
left to the narrower conductor at the right.
Since charge 1s conserved during the
transition, the amount of charge and thus the
amount of current cannot change.

However, the current density changes—it 1s
greater in the narrower conductor.
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26.3: Current Density, Drift Speed:

What really happens with an electric

current flowing in a conducting wire? 5 =~ g
= ~ =

a. Thermal agitation from heat will cause
movement of charges in a conductor even

in the absence of current flow, however, v
this type of movements 1s random and 4 5
without a prefer direction. N

b. When a potential difference is setup in the
conductor so there is a current through it,
these charges will migrate or drift in the
direction of the electric field. Although
there 1s still random motion within their
movement, but there 1s a net drift with a
drift speed v, in the direction of the
electric field.
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Positive charge carriers drift at
speed v, in the direction of the
applied electric field E. By
convention, the direction of
the current density J and the
sense of the current arrow are
drawn in that same direction.




26.3: Current Density, Drift Speed:

Let us assume that these charge carriers all move with the same drift speed v, and
that the current density J is uniform across the wire's cross-sectional area 4. The
number of charge carriers in a length L of the wire i1s n4AL, where n 1s the number
of carriers per unit volume. The total charge of the carriers in the length L, each
with charge e, 1s then

Aq =(nAL)e

: : <+

Because the charge carriers all move along the wire Zj
at the same speed v, the time required to move all j =
these charges over the length of wire L 1s

L

At =—
Va
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26.3: Current Density, Drift Speed:

We can relate the drift velocity to the electric current density from
the definition of current flow

. dqg Aq (nAL)e

I =nAdev
dt At Ljv, ‘
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Example, Current Density, Uniform and Nonuniform:

(a) The current density in a cylindrical wire of radius
R = 2.0 mm is uniform across a cross section of the wire and is
J =20 X 10° A/m% What is the current through the outer por-
tion of the wire between radial distances R/2 and R (Fig. 26-6a)?

Calculations: We want only the current through a reduced
cross-sectional area A" of the wire (rather than the entire
area), where

R \? 3R?
A =7R — (=] =
T "’(2) ”(4)

= STIT (0.0020 m)> = 9.424 X 10 °*m?2 ST
So. we rewrite Eq.26-5 as
i =JA'
and then substitute the data to find
i = (2.0 X 10° A/m?)(9.424 X 10~ % m?)
= 1.9A. (Answer)
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Example, Current Density, Uniform and Nonuniform, cont.:

(b) Suppose, instead, that the current density through a
cross section varies with radial distance r asJJ = ar?, in which
a =3.0 X 10 A/m*and r is in meters. What now is the cur-
rent through the same outer portion of the wire?

Calculations: The current density vector J (along the
wire’s length) and the differential area vector dA (per-
pendicular to a cross section of the wire) have the same di-
rection. Thus,

J-dA = JdA cos0 = JdA.

We need to replace the differential area dA with some-
thing we can actually integrate between the limits r = R/2
and r = R.The simplest replacement (because J is given as a
function of r) is the area 27r dr of a thin ring of circumfer-
ence 27r and width dr (Fig. 26-6b). We can then integrate

.@=jf-d£1’=deA

R R
= J ar’2ar dr = EWQJ > dr

R/2 R/2

rt R Ta R* 15
— - = 4 _ " | == 4
2a [ 1 ]sz 5 [R 16] % maR

= ;; m(3.0 X 101 A/m*)(0.0020 m)* = 7.1 A.
(Answer)
PHY 1202
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26.4: Resistance and Resistivity:

How fast can the charge carriers move down a block of material depends on the
geometry and the material properties.

Resistance 1s a measure used to determine the ease of flow of charges. Similar to
capacitance, it’s value 1s associated with the object.

We determine the resistance between any two points of a conductor by applying a
potential difference V" between those points and measuring the current i that
results. The resistance R 1s then

I ohm =1 = 1 volt per ampere
= 1 V/A.
The SI unit for resistance that follows from Eq. 26-8 1s the volt per ampere. This
has a special name, the ohm (symbol QQ):

V »
R=— (definition of R).
[

In a circuit diagram, we represent a resistor and a resistance with the symbol
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26.4: Resistance and Resistivity:

The resistivity, p, of a resistor 1s defined as:

p=£~ Ezpjl.

This 1s a local property.
The SI unit for p1s Q2 m.

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

| ., .
oco=— wmp J = k.
p

Similar to resistance R, which relates voltage
V and current i, resistivity p1s used to relate
electric field E and current density J.

PHY 1202

Table 26-1

Resistivities of Some Materials at Room
Temperature (20°C)

Resistivity, p Temperature
Material (2-m) Coefficient
of Resistivity,
a (K1)
Typical Metals
Silver 1.62 X 108 41 %1073
Copper 1.69 x 108 43 x 1073
Gold 235x10°8 40 x 1073
Aluminum 275 X 10°#® 44 x 1073
Manganin® 482 x 107%  0.002 x 1073
Tungsten 525 %108 45 %1073
Iron 9.68 x 108 6.5 x 1073
Platinum 10.6 x 1078 39 x 1072
Typical
Semiconductors
Silicon,
pure 2.5 x 10° —70 x 1073
Silicon,
et ST e p AalT-T,))
Silicon,
p-type¢ 28 x 1073
Typical
Insulators
Glass 1010—10%
Fused

quartz

~1016



26.4: Resistance and Resistivity, Variation with Temperature:

10
Fig. 26-10 The re- E . E E Resistivity can depend
sistivity of copper as a 9 % : on temperature.
function of tempera- = 6 = :
ture. The dot on the :: g
curve marks a conve- :Eﬁ 4 E:
nient reference pointat 2 9| & :
temperature T, = 293 & 1 (1o Po)
K and resistivity p, = %0~ 200 400 600 800 1000 1200
1.69 X 1078 Q-m. Temperature (K)

The relation between temperature and resistivity for copper—and for metals in general—
is fairly linear over a rather broad temperature range. For such linear relations we can
write an empirical approximation that is good enough for most engineering purposes:

p = po= poelT —Tp).
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26.4: Resistance and Resistivity, Calculating Resistance from Resistivity:

a Resistance 1s a property of an object. Resistivity is a property of a material.

Current is driven by
E=V/L and J=IilA. a potential difference.

| e L -
| |

E _VIL X —
p=—=— ‘ 1 I__ll
J /A v
Fig. 26-9 A potential difference
I V1s applied between the ends of a

R = p—. wire of length L and cross section A,
A establishing a current i.

Department of Physics
PHY 1202 BB A
City University of Hong Kong




Example, A material has resistivity, a block of the material has a resistance.:

A rectangular block of iron has dimensions 1.2 cm X 1.2
cm X 15 cm. A potential difference is to be applied to
the block between parallel sides and in such a way that
those sides are equipotential surfaces (as in Fig. 26-8b).
What is the resistance of the block if the two parallel
sides are (1) the square ends (with dimensions 1.2 cm X
1.2 cm) and (2) two rectangular sides (with dimensions
1.2cm X 15 cm)?

KEY IDEA

The resistance R of an object depends on how the electric
potential is applied to the object. In particular, it depends
on the ratio L/A, according to Eq. 26-16 (R = pL/A),
where A 18 the area of the surfaces to which the potential
difference is applied and L is the distance between those
surfaces.

PHY 1202

Calculations: For arrangement 1, we have L =15cm =
0.15 mand

A= (12cm)* =144 X104 m?

Substituting into Eq. 26-16 with the resistivity p from Table
26-1,we then find that for arrangement 1,

pL  (9.68 X 1078 Q-m)(0.15 m)
A 144 X 10~ m?
=1.0 X 107 Q = 100 ufd.

R =

(Answer)

Similarly, for arrangement 2, with distance L = 1.2 cm
and area A = (1.2 cm)(15 cm), we obtain

pL (968 X 107 Q-m)(12 X 102 m)
A 1.80 X 1073 m?
= 6.5 X 1077Q = 0.65 pQ.

R =

(Answer)
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26.5: Ohm’s Law:

Ohm's law is an assertion that the current through
a device 1s 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 independent of the
magnitude and polarity of the applied potential
difference.

Current (mA)
=)

|
"o

A conducting material obeys Ohm's law when the
resistivity of the material 1s independent of the
magnitude and direction of the applied electric
field.

V

—4 -2 0 +2 +4
Potential difference (V)

(b)

Current (mA)
e

Fig. 26-11 (a) A potential difference V
1s 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 1s a 1000 () resistor. (¢) A

PHY 1202 ]J]Dlt u*11§11 the. device 1s a semiconducting
pn junction diode.

—1 —2 0 +2 +4

Potental difference (V)

(¢)
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26.6: A Microscopic View of Ohm’s Law:

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 v,

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

The grey lines show an electron moving o 3;’5;:\% ) 71\\\ =
from A4 to B, making six collisions en \:7‘5 e 3;1 -
route. The green lines show what its path A%
might be in the presence of an applied o % W
electric field E. Note the steady drift in P :\fl\”\f— a =8 2B
the direction of -E. (Actually, the green s P i \
lines should be slightly curved, to S T Y
represent the parabolic paths followed by i s T
the electrons between collisions, under the 5 I
influence of an electric field.) 1{ —
BHY 1202 Department of Physics
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City University of Hong Kong



26.7: Power in Electric Circuits:

Charge dg moves through a decrease in potential of
magnitude V;, and thus its electric potential energy
decreases in magnitude by the amount

dU=dqV=1idtV.

The power P associated with that transfer 1s the rate
of transfer dU/dt, given by

P=1iV (rate of electrical energy transfer).
P =i’R (resistive dissipation)

VE
P = ? (resistive dissipation).

The unit of power is the volt-ampere (V A).

J C J
IV-Az(l—)(l—)z | —=1W.
C

Pt S S

% E %

The battery at the left
supplies energy to the
conduction electrons
that form the current.

?

4 — _1*

Fd

Fig. 26-13 A battery Bsetsupa
current / in a circuit containing an
unspecified conducting device.
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Example, Rate of Energy Dissipation in a Wire Carrying Current:

You are given a length of uniform heating wire made of a
nickel-chromium-iron alloy called Nichrome; it has a re-
sistance R of 72 (). At what rate is energy dissipated in each
of the following situations? (1) A potential difference of 120
Vis applied across the full length of the wire. (2) The wire is
cut in half, and a potential difference of 120 V is applied
across the length of each half.

KEY IDEA

Current in a resistive material produces a transfer of mechani-
cal energy to thermal energy; the rate of transfer (dissipation)
is given by Eqs. 26-26 to 26-28.

Calculations: Because we know the potential V and resis-
tance R, we use Eq. 26-28, which yields, for situation 1,

PHY 1202

po Vi _ (1207
R 7120

In situation 2. the resistance of each half of the wire 18
(72 Q)12,0r 36 (). Thus, the dissipation rate for each half is

=200 W.

(Answer)

(120 V)2
I =400 W,
36 Q)
and that for the two halves is
P=2P" =800W. (Answer)

This is four times the dissipation rate of the full length of
wire. Thus, you might conclude that you could buy a heating
coil, cuf 1t i half, and reconnect it to obtain four times the
heat output. Why is this unwise? (What would happen to the
amount of current in the coil?)

Department of Physics
B TA B

City University of Hong Kong




26.8: Semiconductors: For Advanced Standing Students

Table 26-2

Some Electrical Properties of Copper and Silicon

Property Copper Silicon
Type of material Metal Semiconductor
Charge carrier density, m™> 8.49 x 1028 1 X 1016
Resistivity, {} - m 1.69 X 1078 25 %103
Temperature coefficient of resistivity, K™! +43x 107 —70 x 10773

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.

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

m
e?

The resistivity in a conductor is given by: p = :
nT

In a semiconductor, # 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 same increase in collision rate that is noted for metals also occurs for
semiconductors, but its effect is swamped by the rapid increase in the number of charge carriers.

PHY 1202 Ay -
City University of Hong Kong
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26.9: Superconductors:
In 1911, Dutch physicist Kamerlingh Onnes

discovered that the resistivity of mercury absolutely
disappears at temperatures below about 4 K .This

—_— o,
phenomenon is called superconductivity, and it
- means that charge can flow through a
A superconducting conductor without losing its
energy to thermal energy.
. .
_ One explanation for superconductivity is that the
electrons that make up the current move in
S — coordinated pairs. One of the electrons in a pair
may electrically distort the molecular structure of
the superconducting material as it moves through,
cooled by liquid nitrogen. The goldfish is crea.lt%ng nearby a short-lived Concer.ltratlon (,)f
along for the ride.(Courtesy Shoji positive charge. The other electron in the pair may
Tonaka/International Superconductivity then be attracted toward this positive charge. Such
Technology Center, Tokyo, Japan) coordination between electrons would prevent them
from colliding with the molecules of the material

and thus would eliminate electrical resistance. New

. theories appear to be needed for the newer, higher
For Advanced Standing Students temperature superconductors.

-

A disk-shaped magnet is levitated above
a superconducting material that has been
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Practice Questions: Current and Resistance

Chapter 26
Questions: 4, *1,*7,%13,*14,*%47,**49 **52

Department of Physics
PHY 1202 BB H AR
City University of Hong Kong




	Lecture 7
	Lecture 06 Review
	Lecture 06 Review
	Lecture 06 Review
	Lecture Outline
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Slide Number 14
	Slide Number 15
	Slide Number 16
	Slide Number 17
	Slide Number 18
	Slide Number 19
	Slide Number 20
	Slide Number 21
	Slide Number 22
	Slide Number 23
	Slide Number 24
	Slide Number 25
	Slide Number 26
	Slide Number 27
	Practice Questions: Current and Resistance

