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Magnitude of the Earth’s field in nT

The Earth’s field is best mapped from a satellite equipped with magnetometers.

MAGSAT and OERSTED have mapped the steady field and its short-time
fluctuations in great detail.

6.1 The Earth’s field
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Any three components
define the field. Four offer
a consistency check.



An Overhauser magnetometer and a fluxgate were placed at the end of an 8 m long
boom on the Danish Oersted satellite, launched in 1999, into a sun synchronous
low-earth orbit. The objective of Oersted was to map the Earth’s field, and the
associated high-energy charged particle environment. The drift of the Earth’s
magnetic poles appears to be accelerating, which may prefigure a reversal.

Deviation of the measured
Earth’s field from a model

Overhauser magnetometer, magnitude with resolution < 1 nT

Three-axis fluxgate with resolution of 3 - 5 nT, orientational precision < 20”

6 particle detectors (electrons 0.03 - 1 MeV, protons 0.2 - 30 MeV, alphas 1 - 100
MeV)

GPS to within 2 - 10 cm; 54 W average on-board power from GaAS solar panels.



In order to separate the stray fields produced by the spacecraft Bsc(m,r) from the
ambient field Ba, the two magnetometers are deployed on the boom at different
distances r1 and r2 from the spacecraft. m is the magnetic moment created by the
electric currents on board.

Hence      B1 = Ba  + Bsc(m,r1)

     B2 = Ba  + Bsc(m,r2)

  but Bsc(m,r1) = CBsc(m,r2), where C = (r2/ r1)3

Hence B1 - Ba  =  C(B2 - Ba)

     Ba  = (B1 - CB2)/(1 - C)



The Earth’s field is varying on different timescales.

The internally-generated field (~99%) exhibits secular
variation in both magnitude and direction, and also reversals.

The externally-generated field due to flux of charged
particles varies on a timescale of minutes or hours.

Edmond Halley led three research
voyages from 1698 ‐ 1701 to map
the Earth’s magne=c field.





There is an almost random sequence of
reversals of the Earth’s field.

The last one was 700 ka ago.







Liquid FeNi
alloy





Göttingen

Network of Magnetic observatories ≈ 1836

In 1830 simultaneous measurements were made of the fluctuations of
the Earth’s magnetic field during a 24 hour period in Paris and in Kazan

The Magnetiche Verein



Gauss’s magnetic observatory
in Göttingen 1830.



About 99% of the Earth’s magnetic field has an internal origin. It
changes slowly

About 1% has an external origin. If fluctuates rapidly, on a daily basis

internalexternal



Potental due to internal sources: q - colatitude, f - longitude

Potental j in amperes, gl
m and hl

m in nT.
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90% of the field is accounted
for by a dipole of magnitude
(4a3/m0)[g1

02+ g1
12 + h1

12]1/2

m = 7.9 1022  A m2

q = tan-1[g1
0/(g1

12 + h1
12)1/2]

q = 15°

The first ~ eight harmonics
represent the field produced
in the Earth’s core. Higher
order terms represent the
field produced by magnetized
rocks in the first 30 km of
earth’s crust. (where T > TC)
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The Magnetic Crusade

The data from the observatories
showed short-term fluctuation
that exactly reflect the 11-year
sunspot cycle!

Lt Joseph Kay
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INTERMAGNET - A world-wide network



Compass

Measurement of the Earth’s field for direction finding is conveniently done with
integrated sensors to detect each of the three components of the Earth’s field.

These may be Hall sensors, which can be integrated on silicon, or GMI sensors. It
is awkward to measure three orthogonal components in a thin-film structure, but
two are easily done.



Space weather forecasting
can be critical.

6.2 Space
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Magnetic signature of a buried
ferrous object, aligned N-S or E-W

6.3 Prospection and detection

Magnetic surveys have been
used since 1640 is sweden to
detect buried iron ore.



Magnetic surveys along a grid of closely-
spaced points are aften made with a proton
magnetometer , which measures Bt. Loss
often with a fluxgate which measures Bz,  or
a three- axis fluxgate that measures Bt

The height and spacing of the grid must be
comparable to the depth and spacing of the
buried objects

Airborne surveys should fly as low as
possible, usually < 200 m.

It is most valuable to map ΔBz Both ΔBt and
ΔBh (i.e. ΔBxy) can be inferred from dense
readings of ΔBz, but not vice versa (unless
both ΔBx and ΔBy are known).

The total change in ΔBz across buried
objects such as spheres and thin dykes
always exceeds that of ΔBh at all latitudes.

ΔBt = |Bt - Bt0| = (ΔBz
2
 +ΔBh

2)1/2

fluxgate

|ΔBt| = |Bt| - |Bt0| = (Bz
2
 +Bh

2)1/2 

        - (Bzo
2
 +Bho

2)1/2

   proton

ΔBt = ΔBhcosα cosI   + ΔBz sinIs





Airborne magnetic survey



Magnetic anomaly due to a sphere
ΔBz

ΔB
74°

  18°

-30°

H



Danish archaeological site with slag from prehistoric ironworking



  3E scan   5N scan



6.3.1 Potential calculations.

In magnetostatics, there are no electric currents (∇xH = 0) and no time-
dependence. [∇xH = j + ∂D/∂t]

The H-field can be derived from a scalar potential ϕm  [∇x∇f(r) = 0]

    H = -∇ϕm

 ∇.B = 0     (no sources or sinks of B)

but            B = µ0(H + M)

            ∇. B = µ0(∇. H + ∇. M)

            ∇. H = -∇. M

            ∇2ϕm =  ∇. M    This is Poisson’s equation. Volume charge density ρm

Volume charge density ρm = δqm/δV

∇2ϕm = -ρm

Units of magnetic charge qm are Am

The magnetic potential of a point
charge ϕm = qm/4πr. Units of ϕm are A

Resulting field H = -∇ϕm = qm/4πr2



Note that magnetic charges are just a convenient way to calculate the H-field.

They have no physical reality. But there is a nice analogy with electric charge.

If a body is uniformly magnetized, ∇.M = 0 in the
bulk. The only contribution arises from the
surfaces.

∫v ∇.M d3r = ∫s M.en d2r   (divergence theorem)

The surface charge density is σm = M.en

+ +
.     +

-
-  -

In general the H-field can be calculated from the magnetization via the potential

 ϕm = -(1/4π) ∫v (∇.M)/r d3r



Point dipole

The potential of a point dipole  -qm   +qm or m = MδV

is ϕm = (m/4πr2) cosθ

m

r
θ

Hr = -∂ϕm/∂r  =  (m/4πr3) 2cosθ
Hθ = -(1/r)∂ϕm/∂θ = (m/4πr3) sinθ

or in terms of components || and ⊥ to m

H|| = (m/4πr3) (3cos2θ - 1)
H⊥ = (m/4πr3) (3cosθ sinθ)



Line dipole

M||
M⊥

M⊥

θ

r

Transverse magnetic moment λ A m

The longitudinal component produces
no stray field

Hr = (λ/4πr2) cosθ
Hθ = (λ/4πr2) sinθ

M







A large Halbach cylinder, manufactured by Magnetic Solutions Ltd.



Uniformly-magnetized infinite sheet

Inside the film Hi
|| = Hd = -N||Mii  = 0;

Integrating H.dl around the dashed path Hi = Ho.   Hence Ho
|| = 0.

Inside the film, Bi
⊥ = µ0(Hi

⊥ + Mi
⊥);  but H⊥ = - N⊥Mi

⊥ where N⊥ = 1, hence Bi
⊥= 0

From Gauss’s law, the perpendicular component of B is continuous at the interface; Bo
⊥= 0

Since B = µ0H,  both Bo and Ho are zero!

M⊥ M

M||

A magnet must be block-shaped to produce a stray field.



A convenient way to consider the H-field created by magnetized material is
as originating from magnetic charge.

In the bulk, the charge density is  ρm = -∇.M.  There is no bulk charge
density when M is uniform.

At the surface, the charge density  σm = M.en

Units of magnetic charge qm are Am

The magnetic potential ϕm = qm/4πr

Resulting field H = -∇ϕm = qm/4πr2
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M makes an angle i
with the horizontal.

tani’ = Msini/Mcosisinδ

       = tani/sinδ

M’2 = M2(cos2i sin2δ + sin2i)

M’ = M(1 - cos2i cos2δ)1/2

M’|| = M’cos(θ - i’)        M’⊥ = M’sin(θ - i’)

Integrating over long strips ΔBh = -(µ0/4π)2b(xM’
|| + aM’

⊥)/(a2 + x2)

       ΔBz = -(µ0/4π)2b(aM’
|| + xM’

⊥)/(a2 + x2)

       ΔBt = -(µ0/4π)2b[(a2 + x2)(M’2
|| + M’2

⊥) + 4axM’
||M’

⊥]/(a2 + x2)



Magnetic anomaly due to a thin sheet

There is an anomaly provided
there is a component of M
perpendicular to the edge.

The form of the anomaly is similar whether ΔBh, ΔBz, ΔBt is measured.

It is of the form ΔB = C(fa - fgx)/(a2 + x2)

Here C ∝ M;  f, g are functions of the angles θ and i





Magnetic anomaly due to a thick sheet

Again there is an anomaly
provided there is a component of
M perpendicular to the edge.

The anomaly can be obtained by
integrating over a series of thin
sheets.



m2a

A
H = (m/4πr3)[2cosθer + sinθeθ]
HA = 2Ma3/4πr3;

If a = 0.1m, r = 4a, M = 1 MAm-1

HA = 2M/16π =  40 kAm-1 (50
mT)

Magnet-generated fields are
limited by M. Scale-independent

•A

Scaling



Mapping the field due to a permanent magnet.

A Hall probe was scanned 0.5 mm above the top surface of a ferrite magnet
magnetized along Oz, and the ‘ash tray’ profile of Bz determined.
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1. Overview of sensor types
Sensor Principle Detects Frequency Field (T) Noise Comments

Coil Faraday’s
law

dΦ/dt 10-3 - 109 10-10 - 102 100 nT bulky ,absolute

Fluxgate saturation H dc - 103 10-10 -10-3 10 pT bulky

Hall probe Lorentz f’ce B dc - 105 10-5 - 10 100 nT thin film

MR Lorentz f’ce B2 dc - 105 10-2 -10 10 nT thin film

AMR spin-orbit
int

H dc - 107 10-9 -10-3 10 nT thin film

GMR spin
accum.n

H dc - 109 10-9 -10-3 10 nT thin film

TMR tunelling H dc - 109 10-9 -10-3 1 nT thin film

GMI permability H dc - 104 10-9 -10-2 wire

MO Kerr/Farad
ay

M dc - 105 10-9 -102 1 pT bulky

SQUID lt flux quanta Φ dc - 109 10-15 -10-2 1 fT cryogenic

SQUID ht flux quanta Φ dc - 104 10-15 -10-2 30 fT cryogenic

NMR resonance B dc - 103 10-10 -10 1 nT Very precise


