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Current and Hesistance
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2. Conservalion f C‘Afye

Electric current I

« Consider a region in which there is a flow of charges:
» E.g. cylindrical conductor

= We define a current:
the charge/unit time flowing through a certain surface |/ =

s Units:
s Cgs: esu/s
« SI: C/s=ampere (A)
» Conversion: 1 A = 2.998 x 10° esu/s
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Current: Flow Of Charge

Average current I__: Charge AQ i AQ
flowing across area A in time At avi At

Instantaneous current: / N
differential ltmit of . v+ | |

ade
i

 Units of Current: Coulombs/second = Ampere




Direction of The Current

irection of current is direction of flow of pos. char e




Current Density J

J: current/unit area

A 'y

I points in direction of current g

J




Current density J

= Number density: n = #charges / unit volume
= Velocity of each charge: u

= Current flowing through area A: I = AQ / At

= where AQ= g x number of charges in the prism
AQ _gAN _qnV,.,, _gqnAcosOult _
At At At At

> I=

= Where we defined the current density J as: |J = qnu = pu
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More realistic case...

«  We made a number of unrealistic assumptions:
» only 1 kind of charge carriers: we could have several, e.g.: + and - ions
s uassumed to be the same for all particles: unrealistic!
= regular surface with J constant on it

= Multiple charge carriers: J= qunkl?k = Zp,ﬁk
k k

« E.g.: solution with different kind of ions
« NB: + ion with velocity u, is equivalent to ~ ion with velocity -y

= Velocity:

« Not all charges have the same velocity - average velocity (ﬁk> :NLZ(ﬁk),
ko

J E;‘]knk <ﬁk> = zpk <ﬁk>
k
s Arbitrary surface S, arbitrary 31 I = J.j-d/ﬂl
S
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Non standard currents

« We usually think of currents as electrons moving inside a conductor

« This is only one of the many examples!

» Other kinds of currents
. Tons in solution such as Salt (NaCl) in water (Demo F5)
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The continuity equation

« A current I flows through the closed surface S:
» Some charge enters
« Some charge exits

» What happens to the charge after it enters?

« Piles up inside - - o0, ..
p q: J. d A - _ Q/n.\ldc
= Leaves the surface ot

S
NB: - because dA points outside the surface

» Apply Gauss's theorem and obtain continuity equation:
Jedd = g v-Jav
S V
5 =

0
— D sy e dV %
62‘ Q”Mldr. 51‘ I;[p
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= Continuity equation:
5 4§
VeJ+—p=0
a’

= What does it teach us? J

« Conservation of electric charges in presence of currents

= For steady currents:
« no accumulation of charges inside the surface: dp/dt=0

5 |VeJ=0
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Microscopic Ohm'’s law

m Electric fields cause charges to move
m Experimentally, it was observed by Ohm that

J=cE

m Microscopic version of Ohm’s law:
= It reflects the proportionality between E and J in each point

® Proportionality constant: conductivity o

More stuff here pleas
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To find the drift velocity of the electrons, we first note that an electron in the conductor

experiences an electric force F, = —eE which gives an acceleration

=t (6.1.6)

Let the velocity of a given electron immediate after a collision be v, . The velocity of the
electron immediately before the next collision is then given by

Il
<l
+

ﬁt:V,—iFit (6.1.7)
mC
where ¢ is the time traveled. The average of v, over all time intervals is
~ ~ eE
(v, )=(v,)==—(1) (6.1.8)

which is equal to the drift velocity v,. Since in the absence of electric field, the velocity

of the electron is completely random, it follows that <§',. > =0.Ifr= <t> is the average

characteristic time between successive collisions (the mean free time), we have

v, =<V_,.>=—;—Er (6.1.9)

The current density in Eq. (6.1.5) becomes

T 2
J=—nevd=-ne(—@f]=”e ) (6.1.10)

m m

@ e

Note that J and E will be in the same direction for either negative or positive charge
carriers.
6.2 Ohm’s Law

In many materials, the current density is linearly dependent on the external electric field
E . Their relation is usually expressed as

J=0F (6.2.1)



Why Does Current Flow?

If an electric field is set up in a conductor, charge
will move (making a current in direction of E)

 Note that when current is flowmg the conductor IS
not an equotentlal surface (and EInSIde 75 O)' .



Microscopic Picture

Va
\
i

Drift speed is veIocrty forced by applred electrrc field
in the presence of collisions.

| 'It IS typroally 4x10 - m/sec, or O 04 mm/sec:ond|
To go one meter at this speed takes about 10 hours'

. HWCan Thrs Be’? L o ~ rou




Conductivity and Resistivity
Ability of current to

- flow depends on
[+ density of charges &
:s\ > rate of scattering
>

‘Two quantities summarize this:

 crconductvy
 prresistivity i



Microscopic Ohm’s Law

L—-o0d O

J

e

=yl

Jo,

_L
£

pand o depend only on the mlcroscople propertles

of the matenal not on |ts shape o



‘Macroscopic Ohm’s law

= Current is flowing in a uniform material of length L in

uniform electric field E // L
}

m Potential difference between two ends: V=EL
e Ohm’s law J=cE holds in every point:

R =
oA

J=JE:>L:GL =
A L
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Resistance R

m Proportionality constant between V and R in Ohm'’s law
B = L _pL
oA A

Units: [V]=[RI[1]
a SI: Ohm (Q) = V/A
B Cgs: s/cm

Dependence on the geometry:
m Inversely proportional to A and proportional to L

Dependence on the property of the material:
= Inversely proportional to conductivity
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Resistivity

m Resistivity p=1/c
& Describes how fast electrons can travel in the material
m Units: in SI: Qm; in cgs: s

Sareriad Tlesistivity (4m] Resistivity (e

= Demos F1 and F4
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Resistivity vs. Temperature

A

m Does resistivity depend on T?
m Demos F1 and F4

p

® Why?

® Room temperature:
= p depends upon collisional processes
> when T increases > more collisions = p increases

= Very low temperature:

= Mean free path dominated by impurities or defects in the
material > ~ constant with temperature.

= With sufficient purity, some metals become superconductors
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Why Does Current Flow?

Instead of thinking of Electric Field, think of potential
difference across the conductor




w Ohm’sLaw

| What is relatlonshlp between AV and current’?‘

/ P

{! : ai f; \

| v A f 7.;,” ]
Vi !\‘ %\\ / / /z,l




Ohm'’s Law

AV = -IR] [ ——

R has unlts of ohms (Q) VoItS/Amp
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More.  Usefeu { ‘
Oh mg‘ ZaW

’ ,

To obtain a more useful form of Ohm’s law for practical applications, consider a segment
of straight wire of length / and cross-sectional area 4, as shown in Figure 6.2.1.

Figure 6.2.1 A uniform conductor of length / and potential difference AV =V, -V .

Suppose a potential difference AV =V, -V, is applied between the ends of the wire,

a

creating an electric field E and a current /. Assuming E to be uniform, we then have
AV=n—nz—waﬁ=El (6.2.3)
The current density can then be written as

JzaE:G(%Kj (6.2.4)

With J =1/ A4, the potential difference becomes

AV:LJ:(—L—j[:RI (6.2.5)
o oA
where
R= AK - L (6.2.6)
I cA

is the resistance of the conductor. The equation



AV = IR (6.2.7)

is the “macroscopic” version of the Ohm’s law. The SI unit of R is the ohm (Q, Greek

letter Omega), where

{p=sX (6.2.8)

1A

Once again, a material that obeys the above relation is ohmic, and non-ohmic if the
relation is not obeyed. Most metals, with good conductivity and low resistivity, are
ohmic. We shall focus mainly on ohmic materials.

Figure 6.2.2 Ohmic vs. Non-ohmic behavior.

The resistivity p of a material is defined as the reciprocal of conductivity,

= s (6.2.9)

From the above equations, we see that p can be related to the resistance R of an object
by

_E_AV/I_ R4
PET T4
or
=2t (6.2.10)
; 2.

The resistivity of a material actually varies with temperature 7. For metals, the variation
is linear over a large range of T

p=p, [1+a(T-T,)] (6.2.11)

where «is the temperature coefficient of resistivity. Typical values of p, o and « (at
20°C) for different types of materials are given in the Table below.



Resistance of a Hollow Cylinder

Consider a hollow cylinder of length  and inner radius g and outer radius b, as shown in
Figure 6.5.3. The material has resistivity p. :

Figure 6.5.3 A hollow cylinder.

(a) Suppose a potential difference is applied between the ends of the cylinder and
produces a current flowing parallel to the axis. What is the resistance measured?

(b) If instead the potential difference is applied between the inner and outer surfaces so
that current flows radially outward, what is the resistance measured?

Solution:

(a) When a potential difference is applied between the ends of the cylinder, current flows
parallel to the axis. In this case, the cross-sectional area is A=n(b*-d?), and the
resistance is given by

pL pL

A4 z®-d%

(b) Consider a differential element which is made up of a thin cylinder of inner radius.r
and outer radius r + dr and length L. Its contribution to the resistance of the system is

given by

where A=2zrL is the area normal to the direction of current flow. The total resistance

of the system becomes
WITEVANG
2zrl 2zl \a




Flectric 157?"}/ and  [ower

//

Consider a circuit consisting of a battery an
Let the potential difference between two poi
Agq is moved from a through the battery, it
by AU = AgAV . On the other han:

energy is decreased due to collisions wi
resistance of the battery and
energy of Ag remains unchanged.

av’
{ of——— I
L’MW
R

Figure 6.3.1 A circuit consisting of

5 Pewer 8. elestien - Lttt oo

b

d, as the charge moves across the resistor, the pot
th atoms in the resistor. If we neglect the internal

the connecting wires, upon returning to a the potential

a battery and a resistor of resistance R.

dU—'-'d?’I/:.[a/fl/»

d a resistor with resistance R (Figure 6.3.1).
ats @ and b be AV =V,—V,>0. If a charge

s electric potential energy is .increased
ential
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. Resistivity p Conductivity o Temperature
Material (Q-m) (Q-m)™ Coefficient & (°C)™"
E'eme“g‘ﬂver 1.59%10° 6.29x10" 0.0038
Copper 1.72x107® 5.81x107 0.0039
Aluminum 2.82x1078 3.55x10’ 0.0039
Tungsten 5.6x107% 1.8x10’ 0.0045
Iron 10.0x107® 1.0x107 0.0050
Platinum 10.6x107° 1.0x10’ 0.0039
1
Allays Brass 7x10°8 1.4x10’ 0.002
Manganin 44x1078 0.23x107 1.0x107°
Nichrome 100x107% 0.1x10’ 0.0004
Semiconductors s 4
Carbon (graphite) 3.5x10 2.9%x10 —0.0005
Germanium (pure) 0.46 2.2 —0.048
Silicon (pure) 640 1.6x1073 -0.075
Insulatocl;?ass ] 010 _] 014 1 0—14 _1 0—10
Sulfur 10" 107"
Quartz (fused) 75x10' 1.33x1078

6.3 Electrical Energy and Power




Summary

The electric current is defined as:

,_d0
dt

The average current in a conductor is
Lyg =nqv, A

where 7 is the number density of the charge carriers, ¢ is the charge each carrier
has, v, is the drift speed, and A is the cross-sectional area.

The current density J through the cross sectional area of the wire is

J=ngv,

Microscopic Ohm’s law: the current density is proportional to the electric field,
and the constant of proportionality is called conductivity o :

J=0F

The reciprocal of conductivity o is called resistivity p:

P=—
o

Macroscopic Ohm’s law: The resistance R of a conductor is the ratio of the
potential difference AV between the two ends of the conductor and the current J:



R="C
!
Resistance is related to resistivity by
g=2
A

where / is the length and 4 is the cross-sectional area of the conductor.
The drift velocity of an electron in the conductor is

_ ek
V,=——T7
m

e

where m, is the mass of an electron, and 7 is the average time between

successive collisions.
The resistivity of a metal is related to 7 by

1 m

_— — €
P=—"="7
O nerT

The temperature variation of resistivity of a conductor is
p=p[1+a(T-T,)]
where « is the temperature coefficient of resistivity.

Power, or rate at which energy is delivered to the resistor is

2
P:lAV=[2R=(—AZl



Thohts on Ohmfs law

= Ohm'’s law in microscopic formulation: J=0E
= In plain English: ~
= A constant electric field creates a steady current: E vy
« Does this make sense? F =md = E < d
= Charges are moving in an effectively viscous medium
= As sky diver in free fall: first accelerate, then reach constant v

= Why? Charges are accelerated by E but then bump into nuclei
and are scattered - the average behavior is a uniform drift
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Motn of electrons in conductor

N electrons are moving in a material immersed in E

= Two components contribute to the momentum:
= Random collision velocity Uy:  Pramon = M
= Impulse due to electric field: 5, = ¢Et

The average momentum is:

] N _ 1 N 41 N
= = i +qEt)y=m—SNii +qFE—>'t
(p)=m(u) N;(mu, qEt,) mNZu q NZ

N C]E N ~
Forlarge N: 2@ -0 > "1<u>=WZtIEqET
i=l

i=1
1 N
s« Where T 57\,‘24 is the average time between 2 collisions

« Property of the material
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Conductivity

= From this derivation we can read off the conductivity

. = J: =cE —
m(ft):qET " m ok = m

{ j =g <ﬁ> 7 qET nqu

= For multiple carriers:

N 2

n 7

o= E Pk T
i=l1 mk
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What if o is not constant?

» Cylindrical wire made of 2 conductors with conductivity o, and o>

I

o | o

= What is the consequence?

s Current flowing must be the same in the whole cylinder
I = Ao |E, = Ao, E,
- Electric fields are different in the 2 regions
- E discontinuous - surface layer o, at the boundary
o = E\m_‘facu = EZ _El - ](pZ —,0])
T Ax A 4rA

When conductivity changes there is the possibility that some charge accumulates
somewhere. This is necessary to maintain steady flow.

14
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