5.5 Magnetic Properties of Materials
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Table 5-2: Properties of magnetic materials.

Diamagnetism

Paramagnetism

Ferromagnetism

Permanent magnetic
i dipole moment

No

Yes, but weak

Yes, and strong

Primary magnetization Electron orbital Electron spin Magnetized
mechanism magnetic moment magnetic moment domains
Direction of induced Opposite Same Hysteresis

magnetfic field
(relative to external field)

(see Fig. 5-22)

Common substances Bismuth, copper, diamond, Aluminum, calcium, Iron,
gold, lead, mercury, silver, | chromium, magnesium, nickel,
silicon niobium, platinum, cobalt
tungsten
Typical value of yp, ~ —1077 ~ 1072 |¥m| 3> 1 and hysteretic

Typical value of p,

~ 1

~ 1

|pee| > 1 and hysteretic

Thus, ;i >~ 1 or u = g for diamagnetic and paramagnetic
substances, which include dielectric materials and most
metals. In contrast, || > 1 for ferromagnetic materials;
i | of purified iron, for example, is on the order of 2 x 10°.




ZXHd Al (Ferromagnetic Material)
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A XM (Permanent Magnet)
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Magnetic Hysteresis

(a) Unmagnetized domains A3 -

Ay

Figure 5-22: Typical hysteresis curve for a ferromagnetic
material.
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(b) Magnetized domains



Magnetic Hysteresis Curve
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5.6 Magnetic Boundary Conditions
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4_3_ a a Medium 1
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D * dS = Q * Dln — D2n = ps. (578)

n, x (H; — Hy) = Js.

M\@ﬁ

By analogy, application of Gauss’s law for magnetism, as

expressed by Eq. (5.44), leads to the conclusion that Surface currents can exist only on the surfaces of perfect
conductors and superconductors. Hence, af the interface
between media with finite conductivities, Js = 0 and

jﬁB cds =0 =% | B, = Boy. (5.79
S Hy = Hy. (5.85)

Thus the normal component of B is continuous across the
boundary between two adjacent media.



5.6b X}7|2| 2 (The Magnetic Circuit)
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Uniform cylindrical structure: capacitance-inductance relation
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Example 5-7: Inductance of Coaxial Cable

The magnetic field in the region S between i i i
the two conductors is approximately !
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Inductance per unit length:
Figure 5-28: Cross-sectional view of coaxial transmission line

L (I) W b (Example 5-7).
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Inductance Calculation; Neumann Formula

dA, = _ M1, dly
4r r,z

](mp 1 10(][)2

Then at this point the total vector potential is given by integrating the expression around the
whole of loop 1:

_ M0 o dl
A, ——
4 (ﬁ i

The magnetic flux threading loop 2 is then found by taking the line integral of A, around
loop 2

loop 1 "12

®,= [ A,.dl,
loop 2

so in this case

I dl, .dl
D, = JL:} I (ﬁ 1+
Tt loop 2 loop | Ha

This gives a general expression for calculating the mutual inductance

‘:ﬁ (ﬁd] .dl, (9.14)

I Impz loop 1 ha
but this is seen to be symmetric in the indices 1 and 2; the flux in loop 2 due to a current in
loop 1 is equal to the flux in loop 1 due to the same current in loop 2. And thus we conclude
that

My, = M. (9.15)



Tech Brief 11: Inductive Sensors

LVDT can measure displacement with submillimeter precision
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Figure TF11-2: Amplitude and phase responses as
a function of the distance by which the magnetic core
is moved away from the center position.

Figure TF11-1: Linear variable differential transformer (LVDT) circuit.



Proximity Sensor
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Figure TF11-5: Eddy-current proximity sensor.



5.8 Magnetic Energy Density
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Example 5-8: Magnetic Energy in a Coaxial Cable
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Summary
N

Chapter 5 Relationships

Maxwell’s Magnetostatics Equations Magnetic Field
. - ~ ol
Gauss’s Law for Magnetism Infinitely Long Wire B=¢ % (Wb/m?)
r
V:B=0 = %B-ds:ﬂ
5 Circilarloop He2—22 (A/m)
Ampere’s Law b 2k |
ZuNI
VxH=] > %H-dﬁ:f Solenoid B>~zunl = z,u} (Wb/m?)
C
Lorentz Force on Charge ¢ Vector Magnetic Potential
F=¢g(E+uxB) B=VxA (Wbm?
Magnetic Force on Wire Vector Poisson’s Equation
Fm=1?§dle (N) VA = —pu)
c Inductance
Magnetic Torque on Loop A @ 1
L=—=—=—fB-dS (H)
T=mxB (N-m) 7 I i
s

m=nNIA (A-m?)
Biot-Savart Law
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I

(A/m)

Magnetic Energy Density

1
W = wH?>  (Jm?)



Coding Example
I

Torrodal inductor's inductance calculation

7 z(b+a)

Input: ur(relative permeability), N, h, b, a
Output: L of a toroidal inductor




