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Summary

Generaly in the study of magnetism, and specifically for micromagnetics simulations, one
needs to know the magnetic field H)y inside a macroscopic magnet, that is caused by
the magnetization M (the dipole moment per unit volume) of that magnet itself. Some
aspects of how that demagnetization field can be found are discussed. There are two basic
cases: (1) The demagnetization field H)y inside a finite element, that is caused by M of
that particular element; (2) The demagnetization field caused by one finite element, but
measured at the position of another element. The discussion here is based on continuum
description of the magnet and the field, although it can be connected to an alternative
analysis that considers the superposition of many fields from a multitude of individual
magnetic dipoles.

1 The magnetic field inside a magnet: Basic theory

In solving magnetostatics, and even electrodynamics, there there are no magnetic monopoles. So
the magnetic induction B obeys a Gauss’ Law where there is no fundamental source charge:

V-B=0, B=uy(H+M). (1.1)

Here M is the dipole moment per unit volume (magnetization) and H is called the magnetic field, or
really, for the situation considered here, the demagnetization field. The magnetic field is important
in that it determines part of the magnetic energy in the system, according to a volume integral,

1 I
Uy = —E/dv M-H. (1.2)

The equation for the divergence-free B can be rearranged as
V-H=-V-M. (1.3)

This suggests the idea that the magnetic field His generated by an effective magnetic charge density,
given by B
p=-V-M. (1.4)

This is not a monopole density! In a situation where there are no free currents (current density of
free charges, J = 0), the magnetic field can be found from a magnetic potential,

H=-Vo (1.5)
This leads to the Poisson equation to be solved to get the demagnetization field inside the magnet:
V20 = —p. (1.6)
For three dimensions, this is solved using the potential of a unit point charge as the Green’s function:
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G(r) (1.7)



Then the solution of the Poisson equation for the potential is:

d(r) = /dr'G(r—r’)p(r') = /dr’ﬂ = /dr’M (1.8)
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This gives the solution either directly from p, or from the divergence of M. But in some situations,
these are not as convenient as obtaining @ directly from M. So one can do an integration by parts
here, using some vector calculus manipulations, letting the gradient act instead on the Green’s

function: )
o ! >/ AT (4
d(r) —/dr A\ (747T|I‘—I‘I|> M(r") (1.9)

There would have also been a surface term, but by taking that surface outside of the magnet, its
contribution is zero. So another way to write this is seen to be

B(r) = /dr’ (L> M (). (1.10)
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This defines another Green’s function, a radial vector to be used acting directly on M ,

— r

K(r)= prm d(r) = /dr’lz(r —1')- M(r)). (1.11)

Also note the simple relation between the G and the K (radial component only) Green’s operators:

K (r) = —2G(r) = —. (1.12)

This latter form using K is preferred if we want to calculate the field without going through the
intermediate step of getting the charge density, which be a confusing physical concept anyway (at
least, if you think there should be some physical experiment to detect p, on which its reality could
be based).

In this last form, the Green’s operator K acts directly on the magnetization. We could finally
take the gradient w.r.t. r to get H , however, without some special averaging procedures, that can
lead to an undefined integral. So it is better to wait to do that. It is interesting to realize that
equation (1.10) is simply a representation of the effective magnetostatic potential around a dipole
(then summed over dipoles). This is because the well-known formula for the potential of a point
dipole p (could be magnetic or electric) at the origin, is

B(r) = ng' (1.13)

In (1.10), each dipole is dV M (r’), and thus one needs the displacement from its position, r — r’.
Now, if the gradient of the potential of a point dipole is performed, it leads to the other well-known
expression for the field caused by that point dipole.
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H=-Vd=—
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[32(f-p) — p] (1.14)

It is good to point out that in a magnet that is “uniformly magnetized,” the internal charge
density p is zero within the magnet. So how can there be any H? The answer is that at the surface
of the magnet, there is a discontinuous change in the magnetization; it suddenly goes from some
nonzero value to zero. This change corresponds to a delta-function charge density. Stated otherwise,
Gauss’ Law used on H (i.e., the divergence theorem applied to a pillbox at the surface) will tell us
that there is a local surface charge density, given by

oc=M-n, (1.15)



where 71 is the outward normal vector from the surface. Mostly, I will use this surface charge density
as generating the field, because this is the most consistent way to think of doing the continuum
field mechanics, that does not have singularities. (One could imagine trying to sum over fields of
individual dipoles. It does not work out well in all cases.)

Usually the demagnetization field, the charge density, and the surface charge density, are given the
subscript M to show they are those associated with or caused by M. Here I suppress this subscript;
I only discuss these demagnetization quantities. There is no external field being considered.

2 The magnetic field inside a cylindrical magnet

First, consider a magnet of length L along the z axis, which is the longitudinal axis of a cylinder.
The upper end lies at z = +4, the lower end at z = —§, so that the length is L = 2§, and z = 0 is
at the middle of the cylinder. The cross-section could be a circle of radius R, for most simplicity,
but it doesn’t absolutely have to be. For the circular cross section, there is no need yet to make any
special assumption about the radius R compared to the cylinder length L.

2.1 Longitudinal magnetization M,

Initially, suppose the cylinder is magnetized in the z direction, that is, along its axis of symmetry.
Then M = M,2. This places surface charge densities of o = £M, at z = 44, respectively. So the
top end has positive charge, the bottom end has negative charge.

To find the potential at an observer point r = (z,y, 2), inside the magnet, consider the positive
source charges at v’ = (2/,y’, d), and the negative source charges at v’ = (2,3, —¢). From the Green
function integral over charge density, one has now only surface integrals on the ends,

M, /g0 1 1
@(x,y,z)zz/d:c dy {\/f2+(z—6)2 NGRS FETIE } (2.1)

To save space, I wrote 72 = (z — 2')? + (y — v/)? here, and in what follows this may be used again.
The integral is over the cross-section of the cylinder.

If we want to just find the field in the center of the cylinder, it is not so difficult, putting here
x =y = 0. Then H. can be found as a function of 2. In this case there is dependence only on
r’ = /2’2 + 3’2 and only a radial integration is needed (dz'dy’ — d@¢'r'dr’),

MZ /! /! /! 1 1
= E/d@ /7‘ dr {\/T’2+(Z_5)2 \/T,Q CETIE } (2.2)

The integration is quite simple, if there is circular symmetry. For a circular cross-section, it gives

O(z) = ]\gz {\/T’Q—i-(z \/7“’2 (z+9) }:
= ]\g [\/RQ—F(Z —VR2+ (2 +6)2 |z—5|+|z+5|} (2.3)

The resulting field has to be an even function of z. Thus it can be calculated for z > 0; the result
for z < 0 will be symmetrical. Indeed, for any z between +4, this is
M,

o) = 5 :\/RQ F(z—02—VRE+ (2 +02+ 2z] (2.4)

Then the field on the axis of the cylinder is found quickly,

= s z2—0 z+0

1 1
2 /R2+(z-02 2R2+(z+t0)2

(2.5)




Note the somewhat surprizing result. At z = 0, the last terms equal each other and combine, to give

(2.6)
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HZ(O) =-M, (1 — J ) ~ { Mz252 ford > R

VRZ 152 -M.(1-%) ford<R

The field points opposite to M , which is why it is demagnetization. Further, its strength depends on
the aspect ratio of the cylinder. Note the limiting behaviors. When the cylinder is long and thin, the
longitudinal field at its center gets very small. On the other hand, if the cylinder is short and wide,
the longitudinal field at its center is maximized, nearly equal to the strength of its magnetization.
This latter case corresponds to the strongest demagnetization that can take place.

Note the reason for the name, demagnetization. In some situations, M could be generated by
the action of an externally applied field, according to M = Xﬁexta where x > 0 is a paramagnetic
susceptibility. Then the total magnetic field in the sample will be the conbination of applied field
and this demagnetization field. They oppose each other, hence, the demagnetization field tends to
reduce the internal effect of the applied field. It seems to prevent the applied field from entering the
sample.

2.1.1 Average of H,

It is common to want to know the average of the magnetic field in the sample. This can be done
easily for the field on the axis of the circular cylinder. The average over z is simple:

— 1 /0 M 2—6 Z24+0
H, = = | dzH,(2)=-M, —
L ,/75 * (2) \/R2 6)2 \/R2 Z + 6
M s
_ _ _ z 2 2
- -M, -2 VR F =07 - VR (2 +0) }

R
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M (1——) for LK R

Again, the average has a physical behavior similar to that for the value at z = 0. This is summarized
by saying that the longitudinal demagnetization factor NV, is

N, = % (L +R—VL2+ R2) : H,=—-N.M.. (2.8)

One can note that there is a theorem which says that the sum of the demagnetization factors for
x,y, z, call them N, N, and ., should add up to 1. Although we haven’t yet solved the case of
M, or My, if we apply this theorem, and using the symmetry that N, = N, for the cylinder, then

there also results 1 1
Nz:Ny:5(1—Nz):i(\/L2+R2—R). (2.9)

These results are plotted in Figure 2.8. Notably, for very skinny cylinders with R < L, the longitu-
dinal demagnetization factor is N, — 0 while the transverse factors are N, — % At the other limit,
for a flat cylinder, R > L, we have N, — 1 and N, — 0. The flat cylinder has no demagnetization
effect within the zy-plane. Generally, the greatest demagnetization effects will always take place
through the shortest dimension of a object.

2.2 Transverse magnetization M,

Next suppose that the magnet is magnetized only along the x direction. Again, it is simplest to look
at the case of a circular cylinder. This is a magnetization along a radius of the cross-section. This
is not really a line of symmetry, so the mathematics is more complicated. Taking M= Mz, this
will generate a surface charge distribution, on the curved surface

o(0) = M, cos 0, (2.10)
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Figure 1: The behavior of the demagnetization factors as a function of aspect ratio for right circular
cylinders, based on Equations (2.8) and (2.9), for the averaged field along the cylinder axis. The
point where N, = Ny, = N, = % is close to the radius such that 2R = L.

where 6 is the angular position of a point on the surface, measured from the xz-axis. This produces
positive charges on one side (z > 0) and negative charges on the other side (x < 0), hence, it is easy
to see that the field H will point generally towards —Z. This now gives the integral expression for
the potential, using cylindrical coordinates, with ' = R,
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o(r) = Mo Rd@’/ dz’ cosf (2.11)
4 J, s T2+ R2—2rRcos(f —0') + (2 — 2/)?

Let’s already do the derivative to get H,, using points along the z-axis, § = 0.

H,(z) = (2.12)

_de M, %Rdﬁ’ /6 ds (x — Rcos@')cos &/
de  4rm ) _s [r2 + R? — 2rRcos® + (z — 2/)2]3/2

Now evaluating on the axis of the cylinder, z = y = r = 0, leaves only one term in the numerator
and simplifies the denominator:

M, [* YL —Rcos? 0’
H;n(Z) = E ) Rdf ‘/_6 dz [R2 T (z—z/)2]3/2 (213)

The angular integration of cos? 8’ leads to a factor of 3(27). So now we have

. /5 , R?
dz
4 ) 577 R4 (z— )2

H,(z) = (2.14)

To do this integral, it helps to let 2’ — z = Rtan¢, then dz’ = Rsec? ¢, and we will have some
algebra like

R’ _ [dgsecy e
/[R2+(z—z’)2]3/2_/ sec3d de COS¢—SH1¢—m. (2.15)




This results in
—M,
4

00—z 0+ z
VR2+ (6 — \/R2 (0 + 2)?

Check that is gives a correct order of magnitude by 1ook1ng at the cylinder center, z = 0. The result
is

H,(z) = (2.16)

—M, 5 =M, for § > R
H,(0) = 2 2.17
0= VRE1o? {%% for 6 < R (2.17)

One can note that compared to H,(0) = —N,M, calculated for longitudinal magnetization, with
N, =1-0/vR?+ 62, this demagnetization factor is

1 0
N,=N, = > ——. 2.18
Yy 2 /R2 +62 ( )
Then at least for the central point of the cylinder, there results
N, +N,+ N, =1. (2.19)

One can also check the average of H,(z) over the position z. That result is
d—=z 0+2

_ 1 [° —M,
e = f/gdz{ 1T | VRro-¢ JETOTo" }
_Mz [—\/R2+(6—z)2+ \/R2+(6+z)2}i

)
_M [\/R2+L2 R} (2.20)
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Here we can read off the transverse demagnetization factor (although not averaged over x),

1
No =N, = 5> [\/LQ Y R2— R} (2.21)
That is completely the same as we expected to get, based on the earlier result for N, from H ., and
the symmetry relation, N, + N, + N, = 1. It should be stressed again, that in the limit of a long
skinny cylinder (like a pencil, L > R), this demag factor becoms N, ~ %

3 A cylindrical magnet with a square cross-section

The demagnetization factors depend on geometry. Here consider a cylinder with a square cross-
section of size a X a; the height is L = 20. We should still expect to get demagnetization factors that
have the same limiting values as for the circular cross section. So only a few minor details otherwise
should change.

3.1 Longitudinal magnetization M,

The first step is the same as before, leaving an integration over the ends with the square area. Go
ahead and evaluate on the axis, v =y = 0:

M, 1 1
(I)(Z) 47T - dCC/ dy {\/x’2+y'2+(2—6)2 - \/,’E’2+y/2+(z—|—§)2}' (31)

The end edge is a = 2A. This time go to the average over z directly, for the field:

. - %/6 dz H.(2) = %/5 dz (-%) - %1 [©(5) — B(—0)] (3.2)

-0 -6
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Consider the integration over 3’. We know the basic indefinite integral,

d !
/7@/ it Y (3.4)
b? +y'? ol

The absolute value is needed on b, because the result is independent of its sign. The integrals here
are over a symmetric interval, and the integrands are even. So change the integration to twice that
from 0 to A. It means we needs something like

A
/ = 2sinh ™! —. (3.5)
b2 + y'? ||
Now we have A
_ M 1 A A
H, = z 2dz’ { sinh ! — — sinh™* 7} 3.6
) e VR (36)

Really, absolute value is unnecessary now, because ' > 0 only. To do this type of integral, note the
other way to write the inverse sinh function,

sinh ' 2 = In [:v +V1+ xﬂ (3.7)

So now this gives for one part, the indefinite integral,

/d:c’ sinh ™! él = /d:z:/ In
T

Here, try the transformation, 2’ = Acsch¢@, then dr’ = —Acsch?¢cosh ¢dg, and 1 + A? /2% =
cosh? ¢. The changes the integral into

cosh ¢ ) coshqﬁ d(sinh ¢)
/ A81 =P d¢ In [sinh ¢ + cosh ¢] = —A/d(b e —A/ qﬁm. (3.9)

A2

A
STyt (3.8)

That is set up for an integration by parts,

. -1 1 d(cosh ¢)
integral — —A {¢ (sinhd)) + /d¢ (sinhd)) } {smh(b cosh2 } (8.10)

As hyperbolic cosine is always greater than 1, the last integral is aided by doing cosh ¢ = coth s
with sinh ¢ d¢ = — csch ?sds, then,
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But the angle ¢ was defined with sinh ¢ = A/2’ and cosh¢ = /1 + A2/z’2 So this demonstrates

the basic integral,
A ! A A2
/dw'sinhlx——A{Zsmh 1——i—coth 1\/1—1—?} (3.12)

For the limits from 0 to A, this definite integral becomes

A A
/ da' sinh ™' = = A {sinhfl(l) — 1+ coth™ (\/5)} = A (2sinh (1) — 1) ~ 0.7627A. (3.13)
0



There is still the other integral, ugh.

A A A2
. /. —1 . /
I, = /d:c sinh Voo el /da: In lix’Q — +4/1+ L2 (3.14)
One can try a similar kind of tranformation. It might help to choose the transformation as
: A 2 9 A?
Slnh¢: m, COSh ¢:1+Slnh ¢:1+m, (315)

The forces the argument of the logarithmm to be sinh ¢ + cosh¢ = e?. Then get the derivative,
based on a rearrangment,

A? —2A2 cosh
(Elz + L2 = T2¢, 2(EI dl'/ = $d¢ (316)
sin sin
But also need
A2 A2
sin sin
So this gives
—A? hod
I :/d:v'¢= / ¢ cosh ¢ dg (3.18)
LT sinh® ¢y [ 80— — 1
This is aided by letting
A? —2A? hod
_ D s 28 cohodo (3.19)
L2sinh” ¢ L2sinh” ¢

Now the integral is

L ds
= §/¢ﬁ (3.20)

Thus it is set up for an integration by parts, doing first the s-integral. That is now trivial, and gives

[Wﬁ— / dqﬁ\/r { "\ T7sin h2 / N1 smh2 } (3-21)

Now who knows if this last integral is tractable! We can also write for the differentials, let’s see if
this helps,

cosh? ¢ 1 L?
ds = —2scothopdp, but =1+ =14+ —s. 3.22
¢ do sinh? 10} sinh? 10 A2 ( )

L2 —ds
ds=—25\[14+ T35 dp —  do= ——=. (3.23)
A? 9251/1+ L2
A

So in terms of the s-variable, one needs now

—/dq&ﬁz%/ds

Vs—1
VRS (3.24)
L2
S4/ FS “+ 1
Ehh, not sure if that helped! This is a lot of work for one small integral. And it looked simpler in
terms of hyperbolic functions. Abandon the exact evaluation for now.
Long thin limit, L > a. In this case the second integral can be done, going back to its original

form. A transformatlon that uses the circular symmetry, but integrates to the square edge, is to do
r'(0") = =5 0, = Asecf’, applied in each octant of the plane. So this integral is

I

1 (") 1
da’ = 8/ dG// r dr —
/ / Ve Rl A NeEn
/4
8/ do’ { 20 1 L2 — L} - 8/ a6’ [\/AQ sec2 0/ + L2 — L} (3.25)
0 0



That is still exact. But I don’t see how to integrate it. So go to the large L limit. This is

I ~ 8/0ﬁ/4 o’ 2A_; sec’ ) = ZLLAQ [tan 9’]3/4 = 4%“ = %2. (3.26)
Note what is obtained for the first integral by this procedure (a simpler alternative to the mess I
did above):
/4
I = / d:c/ dy’ \/_ / / ——8/0 do’ r'(0")

0’ vz
cos B / U (3.27)
0

= 8/ de’ Asec9’78A/ doy —— = "
0 0 1 —sin? ¢ 1 —u?

In the last step I used u = sin#’. But that is the derivative of inverse hyperbolic tangent. So this
gives

1
I; = 8A [tanh ™" u];/ﬂ = 8Atanh™* 7= 8A cosh™ ' v2 = 8Asinh™!(1) ~ 7.0A = 3.5a. (3.28)

Putting the parts together, this gives in this limit,

— —M. —M. a? —M.a a
H, = (I — ) ~ —2 (4asinh™ (1) — — | = 4sinh~ - = 2
o BT R) x5 < asinh™(1) L) oL ( sinh ™' (1) L) (3.29)

Here in this limit the I5 integral is just the correction term. This goes to zero when L — oo, the

correct result for a long thin cylinder, even with a square cross-section. In place of R/L for circular

symmetry, the leading factor here is 4% sinh™ ( ) ~ 1.122%. So with A playing the role of the

“radius,” it makes little difference if the cross-section is circular or square.

Short wide limit, L < a. The I; integral is unchanged, it does not depend on L. The I, integral

is expanded now as
e , 1 L2

The first term is a copy of I;; it will cancel out. That leaves terms linear and quadratic in L.

/4 L? L2
12—11+8/0 d9’<E0059’—L)—Il+8<2Asm——L4> (3.31)

Putting all together, the result is

— —-M, —MZ L? T 2L . 0w
Hz = oL, (Il — 12) 27TL X (—8) (ﬂ Slnz — Lz) = _Mz (1 — Esm Z) . (332)

The last term is % sin 7 ~ 0.45% L In the circular case, this factor comes in as 5 R, hence, they are

about equivalent, Con81der1ng A hke the radius.

3.2 Transverse magnetization, M,

Based on the previous case, this is not easy to do exactly analytically. But it is the more important
case, so see how much can be worked out. The potential at an observer point r, due to only the
surface charge density 0 = +M,, on the face at x = +A, is

M, [~ 0 1
eF(r)=—— [ dy [ d 3.33
0= 4 -A y[ V@ =22+ (y—y)?+ (2 - 2)? (3:33)




There is another term coming from the negative charge on the left face at x = —A, to be included
now. Now find the field averaged over the x axis, including both plus and minus charges, is:

— —2M,, 1 1
= d dz — 3.34
Ama / y/ { V—yP+GE-27 J@+y—y)P+ (z—z’)Q} .

This is just the double of the contribution from one face’s charge. This is the same form of integrals
already discussed, but I didn’t get the exact result. I am most interested in the case where A < 4,
the long thin cylinder.

Let me instead do a slightly different approach. First, find the field. without any averaging.
From the positive charges, there is

z—A
f(r)= 2 .
H; (x) d:z: / / dz' [(z — A2+ (y — )2 + (2 — 2)2]%/ (3.35)

The integration over z’ was done in equation (2.15). Using that result here, with the effective
R? = (z — A)? + (y — y/)?, there results

A

2'=6
. —_ /_
H¥ () = M, - (x—A) / a' 2=z
47 _A R2 /R2 + (ZI _ 2)2 s
B Mm-(x—A)/Ad_y’ §—z §+2 (3.36)
4w VR + (60— \/RQ (6+2) '

For now, just find the field at the middle of the cylinder, z = 0. Further, consider the long thin
limit, L > a, which means also § > R. Then this contribution is

IM,(z — A) /A dy’
Hf(z,y) = 3.37
R e BN -y R T (337
The integral is an inverse tangent. Use the fact that x < A for any point inside the system:
oM, A [ .y -yl® M, [ Ay 1Aty
HF = L —— [tan™! = —" |tan”! —= +tan"' 3.38
= (@) 47 |x—A|{an |:10—A|]_A prl i R (3:38)

That was the contribution from the positive charge at © = +A. The contribution from the negative
charge at © = —A is similar, but with A — —A inside R, and the opposite sign:

H;(:E,y) =

oM, x+A [y —ylt M, [ _ A-—y A4y
e Y = t - 74y —71(3.39
dr |z + Al [an |z + Al _ o | A+x+ MOATz )

So the total in the long thin cylinder limit is
—M, L A—y 4 A+y LAy 1 A+y
H, =—t T 244 1— 2 4% 1— 2 4% e 3.40
(z,9) 27 (an A—x+an A—x+an A+x+an A+zx ( )

At the center of the system, the inverse tangents are all 7. Then the field at the center of the system
is
1
H,.(0) = —ng. (3.41)

So the demagnetization factor for this point is N, = %, as we would expect. Near a corner, say,
x =1y = A —¢, or any of the other corners, by symmetry, there is, surprisingly, the same value:

(e € 5 a2 4 pont € 28 L
(tan e—i—tan - + tan™ 2A+tan 5A ) = 2Mgg. (3.42)

Ho (A, A,0) =

10
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Figure 2: The behavior of the transverse demagnetization field for a rectangular cell of dimensions
a X a X L, with a < L, as a function of position in the cross-section. Note that a = 2A, and z = 0,
i.e., the middle of a long thin cell.

(Note, this limit might be different if approached in a different direction. See Figure 2.) Trying
instead a point along the z-axis, say, z = A — ¢, y = 0, one has

M, 1A LA 1A AN 1
H,(A,0,0) = 5 (tan : + tan : + tan 5A + tan N 5 +0.148 | M,.
(3.43)

On the other hand, look at the point z =0,y = A —e:

—M, 2A 2A
H,(0,A,0) = o (tanl % +tan~! ~+ tan~! i +tan! K) = —0.3524 M,. (3.44)

This suggests that there is only little variation within the cross-section, in this limit. Then one can
expect the demagnetization factor when averaging over different points, is to fair approximation,

N, ~ (3.45)

N =

See Figure 2 for how the field varies within the cell, verses x, at different y (all with z = 0 in the
long thin approximation).

3.3 About the transverse demagnetization for computations

In actual application in some calculations using computation cells of size a x a x L for thin magnets,
I would like to include the transverse demagnetization effect. However, I don’t have that calculated
exactly. We know that N, = % for long thin cells. But what if the cells are not so long and
thin? As a slight improvement on that, one can use as a reasonable approximation, the transverse
demagnetization factor found for the circular cylinder. So instead of simply using N, = %, a
reasonable improvement is to apply

N, = i (\/LQ TR R) . (3.46)
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To use this, one needs to choose R. That can be chosen by assuming a a circle with the same area

as the square, that is,
a
A=a’>=7R?’, = R=— 3.47
" N (3.47)
This is a type of approximation I have used for the smoothing of the longitudinal Green’s function
(see a following section). So it should be good also for the transverse demagnetization. It means we

take
1 a? a
No=— L2+ L - 2. 4
2L ( + T ﬁ) (3.48)

I’d like to mention one other thing. I like to avoid subtraction in calculations, although it doesn’t
cause any real problme here. Nevertheless, another way to write the transverse demagnetization
factor is by getting rid of the subtraction:

1 VI2+R?2+R 1 L
No=o- (VEE+ R - R) x Y2 X2 T 2 : (3.49)
2L VI?+R*+R 2VIL?2+R?’+R
Then inserting the effective radius R = a/+/7 gives the formula I actually use in calculations:
1
sy/m L
N, 3VT (3.50)

B VL2 +a?+a
Similarly, the longitudinal factor can be written in alternative ways:
1 2R
N. =+ (L+R-VIP+ ) = 3.51
L L+R+VL?>+R? (3:51)

Then with the effective radius, the actual form in the calculations can be
N — 2a
F AL+ a+Vrl?+a?

(3.52)

4 Thin film magnets: Demagnetization fields outside of a
source cell

This part summarizes some Green’s functions that allow the calculation of the demagnetization field
(numerically) in a model for a thin magnet (thickness L). The thin direction is the z-direction. The
magnet coud have an arbitrary shape in the xy plane. We just do want to assume that L < R,
where R is some transverse diameter of the magnet.

Then, the magnet is partitioned into cells of size a X a x L. Basically, one wants to estimate
the field generated by Ml in cell 4, but measured at some position r outside of that cell. This is
the “external field” problem. This field will characterize the interaction between the cells of this
magnet.

The source cell has some uniform magnetization M. The cells are supposed to be somewhat
“infinitesimal.” So we avoid doing an extremely precise calculation. Let’s see what comes out if we
just treat the source cell as a column of dipole density (along the z’-axis), and get the potential that
dipole density produces in its exterior. We will average that potential over altidtude z of an observer
position, and use that averaged potential to get the averaged field H (r) in the observer position.

4.1 The longitudinal field H,

The calculation of H, is easy and comes only from M,. This general case is nearly the same as what
was calculated for a circular cylinder. Start from the potential at r due to the sum over sources at
r’, like we had earlier, with 72 = (z — 2/)? + (y — /)%

1 / ! 1 1 ! A
(r) = E/dm % {\/FQ TG_0F JPx (z+5)2}MZ(x ) D)
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There is no sum over z’; this just uses the charges at the surfaces z’ = 4. But now we keep the
(2’,y") dependence of M, present, as it will depend on the choice of position, i.e., the source cell.
We already know how to get H, and then average it over z:

6 p— p—
o) = [ dep = 7 (@(3) = 8(=0). (4.2)

This gives a familiar-looking result,

1 1
de' dy' § = — —— ¢ M.(2',y'). 4.3
Then it is seen that this involves the convolution of a (longitudinal) Green’s function G, with the
out-of-plane magnetization component. The Green’s function is apparently,

-1
Hz(xay) = ﬁ

_ -1 (1 1

Gzz(r) = oL {; o /72 1 12 } ' (44)
Obviously this is written in terms of the difference of source and observer postions. Hence, it is
applied as a convolution with the source magnetization. Note that it is always negative. Thus, it
leads to the usual (negative) demagnetization effect.

There is only one small problem with it. I want to think of the computation cells as squares, yet,
this Green’s function has circular symmetry. Further, it is not defined (technically) if the observer
cell is the same as the source cell. Of course, for that case, we already calculated the demagnetization
field. But we want to apply this object in a computation using these finite element cells. So clearly
the self-interaction at ¥ = 0 needs to be corrected.

I imagine that correction to be done by averaging G, over a circle of radius 79 whose area is the
same as the cell area, A = a®. This procedure was mentioned earlier. We need a radius R = a/+/T.
Look what happens for this averaged G..(0), taking 2’ = 3’ = 0, but summing over (z,y) in this
cirle:

G(z)z = zz

1 -1 S

2nL \ v
0 -1 ] a a? )

Curiously (or not), G2, found this way is the same as — N, for a circular cylinder of length L and
radius R = a/+/7. This will get applied to an area element da’dy’ of size a?, hence that factor will
cancel out. The rest is the longitudinal demagnetization factor already encountered. So it is nothing
too new, but to get this, we needed to do this averaging procedure.

A similar averaging can be applied for cells at farther radii from the source, however, it is not
essential. It does help to eliminate some roughness due to using square cross-section cells for a
circularly symmetric function.

Then with this correction at the origin, the finite-element calculation of the demagnetization
field proceeds from a sum over source cells, (discrete convolution)

\
D
—
(an)
S—
~
\
®M|,_.
o\..

=

[\&}
3
3
Q
3
¥l
~|
—
S| =

Fz(iﬂ,y) = ZGzz(x_xiuy_yi) Mz(xzayz) (46)
i
In actual practice, this is best to evaluate using a fast Fourier transform, to get the most speed.

4.2 The transverse field (H,, H,)

This could be developed in terms of charge density, but, it is mathematically easier to do in terms
of the superposition of dipole fields from the source cells. Really, it is a superposition of a dipole
field from each layer (at fixed 2’) in a source cell. One supposes that dipole is centered in the center
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of the source cell, at height z’. Thus, we apply the expression (1.10) for the potential, to only the
xy components,

r—r - (x — 2" )Mz + (y —y' )M,
o) = [ d/ —— M) = [ do dy v
(r) / r inlr —v'° (r') / T ay az A2 + (z — 2 )232

The integration over (z’,%’) is left to become the sum over source cells. The source point (2/,y’) for
this cell is set to the center of the cell; we still need to sum over z’. M, or M, are constant within
a chosen cell. We do need to average over the observation height z.

So doing the integration over 2’ gives [see expression (2.15)]:

/da:’ dy’ l[(x — )M + (y — y' )M, |(" — 2)1 ’
-5

A2\ /72 + (z — 2')?

_ = du [(.’L‘ - x/)Mm + (y - yl)My] 0—z o+ 2z
_ /d dy i {\/7” T } (4.8)

This has a very familiar look to it, as we had a similar expression for the transverse field within a
cell. Now we can find the transverse field components and also do the averaging over z; the order
in which this is done makes no difference.

Do first the average over z. The integration is trivial, and after dividing by L gives

(z,y) = /d:c’dy’ [(x —a" )My + (y =) { NG T+ /ET 0 }z:zi

(4.7)

(z,y)

47 L T2 z=—6
- —/da:' ay LB = x/)]\gjrzg — )M, {\/72 - m} (4.9)

Note that this makes a type of Green’s function to give the potential, based on the source M (', y").
It acts on a vector source, hence it is a vector Green’s function, whose direction is radially outward
from the source point. We see that this Green’s function can be written:

- 1 L2 r
K(f)_—< 1+~—2—1> iy (4.10)
0 T
With that definition, the expression for the potential it produces is
D(z,y) = / de' dy' K(r —x') - M(r') (4.11)

The last factor in K is a radial unit vecctor. Then it is also interesting to realize that the radial
component only of this Green’s function is

Kr(f):ﬁ< 1+1;—§—1>. (4.12)

This must be the negative radial gradient of the Green’s function G that produces ® from the volume
charge density p, see Equations (1.11) and (1.12). So it may be interesting to find the effective G
associated with this K. We get it from an indefinite integration,

1.2
/1 +T—2—1] (4.13)
This is aided by using

L L? —L — sinh?
sinhg = =, (/14— =coshg, coshodp = — r:$+¢dr. (4.14)
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Then the integral with the square root is
1.2
—/d?" 1+ -

\ r

So the whole thing gives

2
/ dp ——— cosh” ¢ = L/d¢(1 + csch?¢) = L (¢ — coth ¢)

smh2

L
Lsinh ™' = — /r2 + L2, (4.15)
T

G(F 1 L s 24 5
G(r) = IL (Lsmh - 2+ L2+7). (4.16)

This is a well-known expression for the effective 2D in-plane Green function needed, to be applied
on p(r’), for finding the magnetic potential ®(r) for thin-film problems, as

P(r) = /dr' G(r —1)p(r"). (4.17)
Now the gradient of ® in Equation (4.9) can be done to get the averaged field. To do this, recall

that 72 = (z — 2")? + (y — ¥')?. Find only H, = fl‘f, then H, will be obtained by switching some
indices.

mo- [ {ME[F R AN Y TS E LA Ny 5
[(x—2" )My + (y—y)M,] [(x —2') (x — ')

This has contributions from both M, and M,. There is nothing coming from M, obviously. The
parts involving M, contain the factors

A

M, : Gpp= -
2n L 74

{fQ —2x—2')—(z - yﬁﬁ} (4.19)

This can be re-arranged as (and in various other ways...)
oy .
My: Goo= 2 T w2 1 | — (y—¢)? (4.20)
2L 7 V2 + 12

Similarly, there is a term proportional to M,:

% {2(x —a)(y -y [1 + ﬁ] } (4.21)

Thus these define some components of yet another Green function (a matrix) that produces H,:

My : Gy =

Hy(r) = /dw’ dy’ Z Gop(r —1') - Mp(r') (4.22)

B=z.y

Indeed, this expression even applies to the full 3D field, when used with the 3D magnetization (and
let o, 8 = z,y,x). The other missing components clearly are obtained by swapping zy indices:

Gyy = VERLEoT {(y —y)? [1 + 4] —(z— :17')2} (4.23)

2w L ViZ £ 12
VP L g
w=Gay = T T oYy — o) |1 4.2
Gya = Gy 2L it {(x =)y y)[erH 429
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Interestingly, we can note that these components of G reduce to those appropriate to give the usual
far-field of a unit dipole. Some expansion for 7 > L leads to

~ L 232 — gjz 32y
Gaﬁ(r) = m < 3%7 2@2 — 52 (425)

The tilde means evaluated with the difference of source and observer points, i.e., F =r —r’.

This last result is good for the field outside of a source cell. It must be remembered, however, to
include the self-demagnetization, if the field within that same source cell is desired. Roughly, this is
an extra field of .

Hiocal = —Ng (M@ + My3). (4.26)

Nominally N, is a number near 1/2, but it could be smaller than this, taking, for example, the
value expected for the transverse demagnetization of circular cylinders as discussed at the end of
the previous section, Equations (3.50) and (3.52).
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