Lecture contents

« Magnetic field
— Ampere’s law
— Lorentz force, cyclotron frequency,
— Hall effect
— Dipole moment, circulation electron, spin
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Magnetostatics: Ampere’s Law of Force

«  Experimental facts:

— Two parallel wires carrying current in

»  Ampere’s law of force 1s the “law of the same direction attract.

action” between current carrying circuits

through magnetic field. |:21 |:12
« Experimental facts: ‘—P
— The magnitude of the force is inversely

proportional to the distance squared. |1 |2

— The magnitude of the force is proportional

to the product of the currents carried by the ~ Two paralle] wires carrying current in

the opposite directions repel.

two wires.
« The force acting on a current element I, dl,
by a current element I, dl, is given by 4_‘ ‘_’

lu |25|2 X |15I1 X aR12 - Ashort current oriented perpendlcular to

5 F12 > another current experiences no force.
dr RS /

@t
Permeability of free space : :

unit vector in direction

of I, from I, Il
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Magnetic field

Ly 18l x 1,81 %
SF, = _
dr R,

The total force acting on a circuit C, having a

current I, by a circuit C, having current |, is
given by

Similar to Coulomb’s law, magnetic field can be
introduced

An infinitely small current element Idl
immersed in a region of magnetic flux density B,

experiences a force dF
dF =1dl xB
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The Biot-Savart Law

The contribution to the B-field at a point P from a
differential current element Idl is given by

R

S | dl x
0419

The total magnetic flux at the point P due to the entire
circuit C is given by

11 dl xR

B(T
(F)= 2 4r R’
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Lorentz Force

dF = Idl xB

« A moving point charge placed in both Idl — QV
electric and magnetic field experiences a
force given by

— —

F=F +F =q e+VxB

e

\ 4

The force experienced
by the point charge is
In the direction into the
paper.

GO

\ 4
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Cyclotron Frequency

 Electron circulating in a uniform magnetic field Cor R L TN
- - - x o x N\X Xk % Nxx
« Magnetic field causes a centripetal force 4 . F \
2 o fx = 4 & WK # 1
— -1 > mV - mV ® Ilf ® w X \ X% b \'I %
F=q vxB =qvB=—— TI'=— | |
B I oK v ow o
r g \ /
« Angular frequency does not depend on electron ’ “f\ S A
. EIE N = % .f-// b
velocity v (B o gB xS e
C ® 4 » 4 £ x X
r.m 27 27m
« Cyclotron resonance (CR) used for effective Sj

mass measurements, in particle accelerators
(cyclotrons, synchrotrons).
Set-up:
- Place crystal in static magnetic field B

Holes
— Electrons

| Electrons

NN

1000 2000 3000 4000 5000
Magnetic field (oersteds)

- measure absorption of RF electric field E

Large mean free path of - keep E constant and change B: u(B)
carriers (long scattering
times) is needed for CR
measurements :

Absorption (arbitrary units)

Tz

Fig. 4.6

Cyclotron resonance absorption versus
magnetic field at 24000 Mc/s for Si at
4K (after Dresselhaus et al. 1955).
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Hall effect: carrier charge and concentration
determination

Lorentz force on a moving particle: F =¢ ‘( < B Magnetic Flux

Steady state: balance of forces in y direction: eEy — er Bz

Consider one type of carriers (e.g. n >> p)

Current density in x-direction: J x = env,

Hall coefficient (Hall and drift
mobilities considered equal):

1 A
—— for n —type z 1B,
E, ne
IR
X"z —  for p —type
. P

Jx
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Ampere’s Circuital Law in Integral Form

Ampere’s Circuital Law in integral form — —

states that the circulation of the magnetic C;f B . dl = U |

field is proportional to the total current 0 "encl
through the surface bounding the path over C

which the circulation is computed. di

Just as Gauss’s law follows from
Coulomb’s law, so Ampere’s circuital law
follows from Ampere’s force law.

Just as Gauss’s law can be used to derive
the electrostatic field from symmetric
charge distributions, so Ampere’s law can
be used to derive the magnetostatic field
from symmetric current distributions.

e NS
S

Since volume current

By convention, dS is taken to be density is the most
in the direction defined by the general, we can write
right-hand rule applied to dl. oo iN this way.
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Applications of Ampere’s Law -

—

encl

Ampere’s law in integral form is an

integral equation for the unknown d g . dr — /UO |

magnetic flux density resulting from a
given current distribution. C Lnknown

For example, magnetic field around a |
straight wire with a current | at a B . 27”- = U | B Ho
distance r: 0

Another example: field inside a roctangle inide solenoid .. |
solenoid is determined by a number of L e
turns per length n and current I (no '

core): BL _ IuoNl
B = Nl = JIELEIES

/)

|e—L—

t

|

Field outside is small
If core with relative permittivity uis i B=unl 1A

inserted B _ ,Uo,Un | X
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10

Applications of Ampere’s Law: Coaxial cable

Coaxial cable: thin internal wire carriers

current I and coaxial metal cylinder

carries —|

Field is confined inside the outer cylinder

Current |

C§B>'d|_>:/uolencl
C

r<a: € =2mB
= U,l. Thus

B = u,l/(2mr)

——p

&

r>a:l =2mB =
uO(1-1)=0 . Thus

B=0
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Magnetic dipole moment

A magnetic dipole comprises a small current carrying
loop.

The point charge (charge monopole) is the simplest
source of electrostatic field. The magnetic dipole is the
simplest source of magnetostatic field. The magnetic
dipole is analogous to the electric dipole.

Torque on a current loop in a uniform filed:

dF = I1dl xB ©=YFxF

= (h/2)(—sin0i + cos0/) x laBj +

11

+(b/2)(sin0i —cosi()_}) X M{?(—J})

=(b/2)laB(-sinOk —smbk)
= —lab BsinDk

The magnetic dipole moment can be defined as current
times the area of the loop

Similar to an electric dipole: T :ﬁx |§
. |3 AFTF n = =
B_4ﬂ{ = rg} U=from —u-B to +u-B

Direction of the dipole moment is
determined by the direction of current
using the right-hand rule .
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Circulating electron and spin -

» Electron circulating with uniform angular | _ charge o
speed o produces current; period 2
. 2
- Magnetic moment: pH=I1A= EQWR —e
v
« Can be expressed through angular ,L_i — g E For negative charge m and L
momentum L = moR?2 om are in opposite directions
o[
. ikl du q - 5
* A magnetic dipole precesses about the t >~ | ——=———UX B
direction of constant magnetic field - - = dt 2m
T=uxB
7
* An electron also has an intrinsic [ .z|  Gyromagnetic ratios
magnetic dipole moment associated with |z = -0, —— S
its spin S: _2m

with g, = 2.0023 E—
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Test questions -

» Consider Hall effect in two samples with different carrier concentration.
Which sample will show higher magnitude of Hall voltage?
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