6 Magneto Statics and Magnetic Matter

6.1 Magneto-Statics

At first order in 1/c we have the magneto static equations

” ' . 1
V x B =Jtct Jtot ZJE + E@E(O) (6.1)
——
displacement current
V.-B =0 (6.2)

where jp = 1/c 9, E© is the displacement current. The formulas given below assume that jp is zero. But,
with no exceptions apply if one replaces j — j + jp.
The current is taken to be steady
V.-3=0 (6.3)
Computing Fields:
(a) Below we note that for a current carrying wire
jd*z = Ide (6.4)

(b) We can compute the fields using the integral form of Amperes law V x B = j/c, which says that the
loop integral of B is equal to the current piercing the area bounded by the loop

}(B.dezlp“ﬂ (6.5)
C

For the familiar case of a current carrying wire we found By, = (I/c)/2mp, where p is the distance from
the wire.

(¢) The Biot-Savat Law is seemingly similar to the coulomb law

B(r) = / gy, Jro)/ex T =1, (6.6)

4drlr — r,|?

We used this to compute the magnetic field of a ring of radius on the z-axis
(I/c)ma®
47/ 2% + a?

which you can remember by knowing magnetic moment of the ring and other facts about magnetic
dipoles (see below)

B, =2 (6.7)

(d) Using the fact that V - B = 0 we can write it as the curl of A
B=VxA A—-A+VA (6.8)

but recognize that we can always add a gradient of a scalar function A to A without changing B.
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20 CHAPTER 6. MAGNETO STATICS AND MAGNETIC MATTER

(e) If we adopt the coulomb gauge V - A = 0 and use the much used identity
Vx(VxA)=-V?A+V(V-A), (6.9)
we get the result
—V2A = % . (6.10)

Then in free space A satisfies

A(r) = /d% _dro)/e (6.11)

‘Azl — 1,

(f) The equations must be supplemented by boundary conditions. In vacuum we have that the parallel
components of B jump according to size of the surface currents K, while the normal components of
B are continuous

n X (B2 — Bl) ZE (612)

c

Here K is the surface current and has units charge/length/s.

Multipole expansion of magnetic fields:

We wish to compute the magnetic field far from a localized set of currents. We can start with Eq. (6.14)
and determine that far from the sources the vector potential is described by the magnetic dipole moment:

(a) The vector potential is
m X r

A= .14
47rr2 (6.14)
where

m = %/dg%m x j(ro)/c (6.15)
is the magnetic dipole moment.

(b) For a current carrying wire:

I1 I
ngifroxdeozga (616)
(¢) The magnetic field from a dipole
3(n-m)—m
B(r) = 1
(r) g (6.17)
(d) UNITS NOTE: I defined m in Eq. (6.15) with j/c. This has the “feature” that that
mpgr = mAiKS (618)
In MKS units R
MmyKs XT
A = _— 1
MKS = Ho = (6.19)
Setting £, = 1 50 p, = 1/c? and multiplying by ¢
AHL:CAJMKS: mMKs/CXT‘ _ mygr X7 (620)

A7r? 472

Below we will define the magnetization, and similarly My, = My ks/c.
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Forces on currents

(a) We wish to compute the force on a small current carrying object in an external magnetic field. For a
compact region of current (which is small compared to the inverse gradients of the external magnetic
field) the total magnetic force is

F(r,) = (m-V)B(r,) (6.21)

where m is measured with respect r,, i.e.

—_

m=g /Vd3:v or x j(r)/c (6.22)

with dr =r — r,.
(b) For a fixed dipole magnitude we have F = V(m - B) or
U(r,) =—m - B(r,) (6.23)
This formula is the same as the MKS one since we have taken mpg;, = myxs/c.

(¢) The torque is
T=mxB (6.24)

(d) Finally (we will discuss this later) the magnetic force on a current carrying region is

1 , .
(Faf = [ GxBY =~ [ asn1y (6.25)
cJv )%
where )
T = _B'BI + 5325@ (6.26)

is the magnetic stress tensor and n is an outward directed normal.

Solving for magneto-static fields
(a) One approach is to use direct integration:
A _ d3 o j(TO)
() M/ v Am|r — 7,

Then for any current distribution once can compute the magnetic field — see lecture for an example of
a rotating charged sphere . This is analogous to using the coulomb law.

(b) Another approach is to view
—V2A = u% (6.27)

as a differential equation and to try separation of variables. There are (at least) two cases where the
equations for A simplify.

i) If the current is azimuthally symmetric then it is reasonable to try a form Ay(r,6)
_vza— )t o —V2A, + Aig L (6.28)
c r2sin” 6 c

Here the —V2A¢ is the scalar Laplacian in spherical coordinates. For instance, this is an effective
way to find the magnetic field from a ring of current or a rotating charged sphere. The appropriate
separated solutions are given in Appendix E.2.
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ii) If the current runs up and down then you can try A.(p,¢) in cylindrical coordinates or 2D
cartesian (x,y) coordinates
J
Here V2 A, is the scalar 2D Laplacian in cylindrical or cartesian coordinates, e.g. 92/0x2+0?/0y>.
The separated solutions are identical to the 2D Laplace equation. See homework for an example
of a cylindrical shell.

(¢) Finally if the current separates two (or more) distinct regions of space (such as in a rotating charged
sphere), then in each region one has
VxH=0 (6.30)

So for each region one can introduce a scalar potential v, such that
H=-V, (6.31)

and (using V - B = 0) show that

— uV3, =0 (6.32)
assuming p is constant. Then the Laplace equation is solved in each region using the separated
homogeneous solutions introduced in electrostatics. The boundary conditions (Eq. (6.49)) are used to
connect the scalar potential across regions. The boundary conditions are markedly different from the

electrostatic case, and this leads to markedly different solutions. See lecture for an example of the
magnetic moment induced by an external field.

6.2 Magnetic Matter

Basic equations

(a) We are considering materials in the presence of a magnetic field. We write jyat (the medium (material)
currents) as an expansion in terms of the derivatives in the magnetic field. For weak fields, and an
isotropic medium , the lowest term in the derivative expansion, for a parity and time-reversal invariant
material is

Jmat _ By« B (6.33)
c
where we have inserted a factor of ¢ for later convenience.

(b) The current takes the form

J“:‘t —VxM (6.34)

i) M is known as the magnetization, and can be interpreted as the magnetic dipole moment per
volume.

ii) We have worked with linear response for an isotropic medium where
M =2B (6.35)

This is most often what we will assume.

iii) Usually people work with H (see the next items (c), (d) for the definition of H) not B !

M = xnH (6.36)

IThere are a couple of reasons for this. One reason is because the parallel components of H are continuous across the
sample. But, ultimately it is B which is the curl A, and it is ultimately the average current which responds to the gauge
potential, through a retarded medium current-current correlation function that we wish to categorize.
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iv) For not-that soft ferromagnets M (B) can be a very non-linear function of B. This will need to
be specified (usually by experiment) before any problems can be solved. Usually this is expressed

as the magnetic field as a function of H
B(H) (6.37)

where H is small (of order gauss) and B is large (of order Tesla)

(c) After specifying the currents in matter, Maxwell equations take the form

VxB=VxM+ Jecmt (6.38)
V-B=0 (6.39)
or
jea:t
V. B =0 (6.41)
where 2
H=B-M (6.43)
(d) For linear materials :
1
B=uyH=——-H=(1+xnH 44
I T (1 +xm) (6.44)
Implying the definitions
= = (1 m 4
n= o = (4 ) (6.45)

Solving magnetostatic problems with linear magnetic media:

All of the methods described in Sect. (6.1) will work with minor modifications due to the boundary conditions
described below

(a) For linear materials in the coulomb gauge we get

V x H :,ﬂec”t (6.46)
VB =0 (6.47)

and with B =V x A and constant p we find
~V2A = MJET“ (6.48)

which can be solved using the methods of magnetostatics.

(b) To solve magneto static equations we have boundary conditions:

n x (Hy — Hy) _Keat (6.49)

i.e. if there are no external currents then the parallel components of H are continuous and the
perpendicular components of B are continuous.

2 In the MKS system one has Hy xs = %BMKS — Mpris so that B and H have different units. In a system of units
where €, = 1 (s0 1/10 = c?) we have Hyp, = Hyxs/c, Mrr, = Myks/c or since 1/c = \/fio:

Hyr =vioHuks — My =+poMuks (6.42)
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(¢) At an interface the there are bound currents which are generated

K mat

n X (MQ — Ml) = (651)
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