B. Sc. Physics (H.R.K) Chapter 32: Current and Resistee

CURRENT AND RESISTANCE

Electric Current
The time rate of flow of charge through a condudaralled current. If a charged’
flows through any cross-section of a conductoinret'dt’, then the currentl* is given by

_dq
ot
The SI unit of current is Ampere, which can be medi as, “when one coulomb

I

charge flows through a cross-section in one sedtwed, the current flowing is‘one ampere”.
When a steady current is flowing through idealizexhducting wire, the electric
current remains same for all cross-sections, etengh the cross-sectional area may be
different at different points. The condition of atly current flow is similar to the motion of
incompressible fluid. The fluid that flows throughy cross-section of the pipe is the same
even if the cross-section varies. The fluid flowstér where the cross-section of the pipe is

smaller and slower where it is larger, but the wwdurate of flow remains constant.

In metals, the charge carriers are electrons. iBatdctrolytes, the current flow due to
motion of negative and positive ions. A positiveude moving in one direction is equivalent
in all external effects to a negative charge movimghe opposite the opposite direction.
Hence for simplicity and algebraic consistency,adept the following convention:

The direction of current is the direction thatifige charges would move, even if the
actual charge carriers are negative. Thus, thetere of current is taken from the point of
higher potential to-the point of lower potential.

Even though we assign a direction, current is dasaguantity, not a vector. The
arrow that-we draw to indicate the direction ofreat merely show the sense of charge flow
through the wire and is not be taken as a vectarredit does not obey the law of vector

addition. Changing the direction of wires doesc¢tange the way the currents are added.

Current Density

The current flowing per unit area is called therent density. It is a vector quantity
and the Sl unit of this quantity is Ampere per squaeter% ).

The electric currentl' can be described in terms of current density as
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“The scalar product of current densify and vector areaA’ is called the electric
current”. Mathematically,

I=].A

The electric current is macroscopic quantity, whilee current density is its
corresponding microscopic quantity. In general,'dA’ is the small area element of

conductor, then the current flowing through the igharea of conductor is.

=j].dA

Let ‘A’ is the area of the cross-section of a conducfolegth ‘L’ in which the
current 7' is flowing. The flow of current through a condacis due to motion of electron in
the direction opposite to electric fiel#d’: The force on one electron due to electric fisd
‘—eE’. But this force does not produce any acceleratiothe motion of electrons, because
the conduction electrons keep on colliding with gice ions of conductor. Instead of this,

the electrons acquire a constant drift spegdih the direction of ~E’.
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n = Number.of free electrons per unit

Let

AL = Volume of the conductor

nAL = Number of free electrons in the conductor
e = Charge on one electron

nALe = q = Total charge flowing in conductor

If the charge g’ passes through conductor in tintg then

L
t =—
Vd
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So, the current

q nALe
I =-= = ndev,
t L/vg

The current density is

I _ndevy
A A
] =nevy

The direction of J' is opposite to the direction of flow of electrons
] = —nevyy
The mean drift velocity of electrons is very smal, of the order of¢m/s’. While in

random motion, the speed of electrons has a typalak of10°® m/s in metals.

Resistance
If * V" is the potential difference between the endsawituctor and!” is the current

flowing through it, then the resistance of the agetdr is

R=-
I

In system international, its unit_is ohm. It is aaceroscopic quantity. The

corresponding microscopic quantity is resistivity.
Resistivity
The resistance of a conductor of a meter cubesabatance is called resistivity or

specific resistance.
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~V =EL
_ EL
_ E
P77
E=p] t
As the direction of J and E are the same, so T
E=p] N

This equation is valid only for isotropic materials

The isotropic material are those materials in whigh

v

physical properties are same in all direction.

Conductivity

Conductivity ‘o’ is reciprocal of resistivityp’. Mathematically
o=-
p
As
E =p]
£= ()
P
] =0oF
] =0E
This is known as microscopic form of ohm’s law.
Let ‘A’ is the area of cross-section of a conductor aftk ‘L’, through which the
current " is flowing. Let ‘™ is the potential difference between the endsoofduictor.

As

V=EL=E=% J=-
Therefore
o= 5= 1= (D)=
:Rzp%

Temperature Variation of Resistivity

The resistivity of the conductor increases with réase in temperature. The

temperature dependence of resistivityis shown in the figure.
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Let ‘p," and ‘p’ be the values of resistivity at temperature 0Hd &°C, respectively.

The change of resistivityp(— p,) is directly proportional to the resistivitg,” and change of
temperatureT — T,). That is

(p—po) X po ; (p—po) x(T—T,)
So,

(p — po) % po(T —Tp)

(p = po) = @ po(T —Tp)
Wherea is the mean temperature coefficient of resistivity

(p = po)
po(T —Ty)

The temperature coefficient of resistivity depeng®n the nature of material. The

o=

general formula for temperature coefficient of sésity is
_1dp
*= p dT

d
whered—;)w is the rate of change of resistivity with respectemperature. The unit of

temperature coefficient of temperaturéds?! orK*.

Discuss the macroscopic and microscopic forms of @tis law.

Ohm’s law states that “the potential differenZéapplied across the ends of a conductor is
directly proportional to the current’ flowing through it, provided that the temperatafethe
conductor remains constant”. That is

VI
V =RI
Where R’ is constant of proportionality, called the reaiste of conductor and it is

the measure _of opposition against the flow of autrelereV, I andR are the macroscopic
guantities. The corresponding microscopic quastited I/, I and R are E, | and p,

respectively. The macroscopic quantities apply tpagticular bodies or extended region,
while the microscopic quantities have the particmalues at every point in the body. The
macroscopic quantities can be found by integratimgr microscopic quantities, using the

relation given below

sz].dA
b

Vab = _Vba = f E.ds

a
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The current integral is a surface integral, carrd over any cross-section of
conductor. The field integral is the line integecakried out along arbitrary line drawn along
the conductor, connecting two equipotential sugacgentified by &’ and ‘b’. For a long
wire connected to a battery, equipotential surfacenight be chosen as the cross-section of
the wire near the positive terminal, ankf ‘might be a cross-section near the negative

terminal. The resistance of conductor betwegrahd ‘b’ by the expression

R Va _ f; E.ds
I f]. dA
The microscopic form of ohm’s law is
E=p]
1
E=—]
o
. SN
o p = p
] =0E

Here E’ is the electric field intensity,/' is-the current densityy” is the electrical
resistivity ando is the conductivity of material.
Analogy between the Current and Heat Flow
There is a close resemblance between the flow okeouand flow of heat. The
current flows due to the difference in the potdnaiad heat flows due to the difference in
temperature.
Consider a thin electrically conducting slab otkmess Ax’ and area4’. When the

potential differencelV’ is applied at the ends of a conductor, a currBritows through it.

By Ohm’s-law
14

AV A AV
(25) " phx
A

=] =

But
A
y = da. 8V
at’ Ax
So,
dq  AdV

dt  pdx
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e 1% e — 1)

The minus sign indicates that the currents flowhendirection of decreasing potential.
If “dQ” is the heat flows through the are& in the small interval of timedt’, then

the rate of flow of heat is
dQ _ a9t

S — )

dt dx

This rate of flow charge is given by eq. (1) and tate of flow of heatis.described in

eg. (2). Hence there is a close analogy. Here

av . ;
= Potential Gradient

ar .
i Temperature Gradient

Similarly, the electrical conductivity in eq. (1a$the same effect as that of thermal
conductivity in eq. (2).

Ohm'’s Law

In metals, the valance electrons are not attaahéuetindividual atoms but are free to
move about within the lattice called conductiorceiens. The theory of conduction in metals
is usually described on the basis of free electmwdel. According to this model, the
conduction electrons are assumed to move freelgutirout the conducting material,
somewhat like the molecules of gas in a contaiffdérese conduction electron moves
randomly like the molecules of gas. The electromagencollisions with atoms and molecules
during their random motion. In case of copper, @average speed of electrons in random
motion is1.6 x 10> ms™.

If the electric field is applied, then the motioh @ectrons slightly shifted in the
direction opposite of that &. Then the forceF’ acting on the free electron is find out using
relation

F = ¢eE

where ¢’ is the charge on electron. By using Newton’s sectaw of motion, eq. (1) will

become
ma = eE
eE
= a=—
m
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Let A is the mean free path amds the free time between the collisions.iiffs the
average velocity of the free electrons in randontiomo then
A=vt
A
v

= T =

During the collision of free electrons and the af@mion core), the tendency of the
electron to drift is destroyed. Therefore the agerdrift speed of the electron will be
eEt

Vg —art = ——
d m

Thus the current density J is given by
J = nev,

Where n is the number of electrons per unit volume

ol
E m
7 ~ hezr T @

The resistivity p’ of a conductor is expressed as

E
p = N (2)
Comparing eg. (1) and (2)
_ m
p= nezt

This equation gives the value of electrical registi It is clear from the equation that

resistivity of the metal does not depend upon thgmitude of electric field.

Ohmic

A material of a circuit element that obeys the dam is called the ohmic. Therefore
a conducting device obeys ohm'’s law, if the resistabetween the two points is independent

of magnitude and polarity of potential difference. I

Energy Transfer in an Electric Circuit and E—

Power Dissipation N ‘
Let a battery is connected between the termin 2L R

‘a’ and ‘b’ of an electric circuit as shown in the figure. - d
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Let ‘AV’ is the potential difference applied by the battbetween the pointst* and
‘b’. As the result the currentl’” flow through the circuit. During this process,eegy is
transfer from battery to the electrical circuit.tlaesmall amount of chargéq’ during the
small interval of timedt’. Then energy transferred is
dU = Vdq

For the present case, the power supplied by therigat dissipated in resistoR™.

The rate of energy transferred or power dissipa®eds

_dU _Vdq
dt dt
P=VI
= P = (IR)] = I?R «V = IR (ohm's law)
Or
v v? 14
P—VI—V(E)—? =t
So
VZ
P=VI=IR="% oo 1)

This equation is known as Joule’s law. Here R ésrd#sistance of the circuit and ‘P’ is
the power dissipated which is equal to the eleaitrdmergy per unit time transferred to the
circuit of black box.

Joule Heating

The electrical energy consumed in a resistor agpaahe form of heat, which is also
called ‘Joule Heating’. The heat energy producetinterval of time is given by
Heat Energy = (Power)(Time)

= (VD))
VZ

= VIt = I?Rt=—t
R

Energy Band Theory and Electrical Behavior of Condgtors, Insulators
and Semiconductors

Energy band theory

The electrons of an atom have the discrete valfieergy which are also called
guantized energy levels. The concept of discretggnlevel is related to an isolated atoms
i.e. the atom that does not interact with othemstoBut if the atom is not alone and is under
the influence of its neighboring atoms, then eacbrgy level splits into sub-levels. This
group of sub-level is called the energy band. Wiittiie energy band, there are permitted

energy states, which are so close together thatateevirtually continuous. But there exist an
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energy gap between these bands, which containsates ghat an individual electron may
occupy. It is also called forbidden energy gap. &eetron may jump from one energy band
to another by acquiring energy equal to the enefdgrbidden energy gap.
Conductors

All the metals are good conductors of electricitg dheir

resistivity is of the order of0 ~8 2 — m. In case of conductors

there is no forbidden energy gap between the valamd the

conduction band. The valance band and conductiom lzae OGO Hand

Overlap'
partially filled at room temperature. So the eleosr can easily region _

jump from valance band to the conduction band. Buehis

. Conductor
reason, the current can easily pass through cooiduct \
The temperature coefficient resistivity is positiﬂemeaﬁ%gat the
resistance of conductors increases by increasatethperature.
Insulat ) ‘é’q
nsulators
‘\N Conduction Band
The insulators have the very large va % regigtiwhich is of
. L
the order of10° 2 —m. In case of insulators, the valance banc 92;,98;23‘;?!
] ] } ) valence and
completely filled and the conductlosbe d is empihe energy ga} | conductionbands.

between the valance and condur@n and is veggldarhus, no electro

can jump from valence bandcta, onduction band. et are no fre

electrons in insulator, heno&current can gassigh insulators. Insulator
Semiconductors Qv

The materials @ave intermediate values aktiggy (of the order
of 1020 — led semiconductor materials. The energy gawden

Conduction Band

the valance and conduction band is very small. tWeemost important

are anium and silicon.
o

0 K (No electrons

in conduction band.) Semiconductor

Conduction Band

0.72 eV
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The semiconducting materials have negative temperabefficient of resistivity. At
low temperatures, the valence band is completédfiand conduction band is completely
empty. Thus the semiconducting materials behaweitigulator at low temperatures.

At comparatively higher temperature, the electriongalance band acquire sufficient
energy to jump in conduction band. As the tempeeatacreases, the probability of the
electrons to jump from valance to conduction barmtaases. Therefore, the conductivity of
semiconductors increases with increase in temperatu

The probability of the electrons to jump from valanband to conduction band

depends upon the energy distribution factor/kr. Here AE is the energy gapk is the

boltzman constant arfdis the absolute temperature.

Superconductors

There are some materials whose resistivity becorees below a certain critical
temperaturd’; called critical temperature. below the criticahfgerature, such materials are
called super conductors. Once the resistance adriahtrops to zero, no energy is dissipated
in the material during the flow of current througtaterial. The current established in such
materials will continue to exist indefinitely withbthe source of emf.

In 1911, a Dutch Physicist K. Onnes observed tleddvb 4.2 K, mercury lost its
resistivity and became perfect conductor. The t@st® versus temperature graph of for a

sample of mercury (Hg) is shown in the figure below

The resistance versus temperature graph shows
that the electrical resistance of mercury (HQ) €re@  piq)
zero below the critical temperatufe = 4.2 K . —

In 1986, a series of ceramic materials we , ‘ | o
discovered “which have comparatively high critic .

0.10 ! Ls

temperature 0D0 K. The research is in progress 1

discover such materials which show superconduct

behavior at room temperature. the interest in ikl f

of superconductivity is due to its followin¢ "%

applications:

0.00 18 | |
1.0 1.2 14

T(K)
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» The energy can be stored and transported withqutesnstive loss.
» Superconducting electromagnets can large magnetid fn surrounding
space.
» Superconducting components in electronic circuitail generate no joule
heating and will permit further miniaturization thie circuits
Important Note:
The best known conductors at room temperature dbiov any show any
superconductivity at all.
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