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magnet suspended in a uniform magnetic

field like that of the Earth can be made

to oscillate about the field. The frequency
of oscillation depends on the strength (magnetic
moment) of the magnet, that of the external field,
and the moment of inertia of the magnet. It is easily
shown and verified by experiment that a simple but
nontrivial expression represents this motion well, but
that only the product of the magnetic moment and
magnetic field can be determined. The repulsion of
two magnets can be used to determine the magnetic
moment, and in turn the external field can be deter-
mined. The results are reasonably good considering
the very simple equipment required, and the experi-
ment allows quantitative investigation of magnetism.

A magnet’s strength is well-indicated by its mag-

netic moment /. When placed in an external magnetic
field B, a torque T arises on the magnet! to align it
with the external field. This effect is well-known since
it is what makes a compass needle line up with mag-
netic north. More precisely, the torque is equal to
T =—Bsin 0, where 0 is the angle between the exter-
nal field and the magnetic moment vector p (directed
from the south pole to north pole in a regular magnet).
From the angular form of Newton’s second law 7 =
Io = I(d?0]dt?), and assuming small angles (0 = 10°
or less), we can write the equation of motion for the
magnet as

a0 (uB 0
dr’ 1)°
where / is its moment of inertia about the suspen-

sion axis. This is the equation for a simple harmonic
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Fig. 1. Two magnets attracting each other with a
thread between them do not hang vertically due
to their attempt to align with the Earth’s magnetic
field, which is not, in general, horizontal. The level
is made of aluminum (a protective cover over the
bubble was removed as the screws holding it in
place were magnetic).

oscillator with angular frequency? w=/uB/I. So,
much like a simple pendulum in a gravitational field,
a magnet will oscillate in the magnetic field if prop-
erly suspended. This oscillation may be easily seen in
a compass, but in that application it is not desired.
Therefore, good compasses are liquid-filled to damp
out any movement and leave the needle aligned with
the horizontal component of the Earth’s magnetic
field.

A useful, if often hidden, aspect of modern tech-
nology is that strong magnets may be produced
cheaply. Most earphones, and all hard drives, use
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strong magnets, so it is very difficult not to be sur-
rounded by strong magnets in modern life. In their
“raw” form, small strong magnets may be purchased
in hardware stores.3 If a pair of such strong cylindrical
magnets is carefully brought together with a thread
placed between them, as shown in Fig. 1, the thread
will be held in place between them, and the magnets
may be suspended in space and react to Earth’s mag-
netic field. The torque referred to above will make
them north-seeking, much like a compass needle.
Since there is very little damping, oscillation (usually
present or easily started) about the (nearly) vertical
axis formed by the thread is quite striking and will
continue for a very long time. A more subtle aspect is
that the magnet attempts to align with Earth’s field in
three dimensions. Alignment parallel to the vertical
part of the field, present everywhere except the mag-
netic equator, is not possible due to the weight of the
magnet.4 Nevertheless, as Fig. 1 illustrates, the mag-
nets do not hang vertically. Since it is the intent of this
experiment to determine the horizontal component
of Earth’s magnetic field, the thread must be weighted
to hang more vertically. It is also important that the
thread not have any twist in it that would produce a
torsional torque. In this experiment, a tape measure
weighing about 500 g was tied to the bottom of the
thread about one meter below the magnets and the
thread suspended from a tack near ceiling level.

The small magnets used here are disks (i.e., short
cylinders) that rotate about a central diameter. The
appropriate formula for the moment of inertia, which
depends on the mass A, radius R, and height A of the
cylinder, can be found in some introductory physics
texts? as [ = %MH2 + %MRZ. In our case, we vary /
by adding more magnets of the same radius and thick-
ness, so the moment of inertia should increase with
the square of the number of magnets stacked.

We must make an assumption in order to deter-
mine how the magnetic moment y varies as magnets
are stacked. When a magnetic field is applied to many
magnetically susceptible materials, randomly oriented
“domains” in the material align and increase the mag-
netic moment.® A ferromagnetic material as found in
a strong magnet may be regarded as an extreme case
of a paramagnetic material in that it is saturated; we
assume that further application of a magnetic field
will not increase the alignment of domains as they are
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already very highly aligned. Thus we can assume that
the overall magnetic moment simply increases directly
as the number of magnets.

Using /V magnets, each of thickness 4, mass 7, and
magnetic moment /41, the formula for the oscillation
frequency becomes

_ B 1
w(N)—\/ m LN IR (1)
12 4

This formula allows ready testing. By adding
magnets to each side of the string, /V can be varied
in units of 2. In our case, N was varied from 2 to 14.
Since larger sources of error were expected, the other
required quantities of magnet mass and dimensions
were determined somewhat roughly with a postal
scale and ruler. Twelve magnets had a mass of 80 g,
thus 7 was 0.0666 kg. Their length when together
was 3.8 cm, so #was 0.00317 m. The diameter was
18.5 mm by direct measurement, so radius R was
0.00925 m.

Multiple oscillations of the stacked magnets were
observed and timed using a wristwatch with a stop-
watch setting. When two magnets were used, 100
oscillations were timed and 74 s elapsed; with 14 mag-
nets, 20 oscillations took slightly over 40 s. The period
Pis simply the time elapsed divided by the number of
oscillations. Using Vernier’s Graphical Analysis” the
period P data values were entered, the frequency was
determined as a new calculated column (27/P), and
a curve fit was done based on Eq. (1). The results are
shown in Fig. 2, where the somewhat complex curve
passes very near all data points.

The good fit confirms that the basic theory be-
hind Eq. (1) is correct: magnetic moments add when
magnets stick together, and the moment of inertia
behaves as it should. The only parameter in the fit
is referred to as A in the fit function, and its value of
0.00185 corresponds to the product y¢; B in SI units.8
In order to disentangle these values, one of them must
be determined. A simple way to do this is to balance
magnetic force against gravitational force. For two
magnets approximated as interacting dipoles (mag-
netic moments), both forces may be easily calculated,
and this is shown below.

First, since this paper tries to show how to do
things simply and inexpensively, we show how to re-
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Fig. 2. Graphical Analysis fit. Data points show the fre-
quency of oscillation as a function of the number of
magnets. The fit corresponds to Eq. (1) and has only one
parameter. The good fit using a complex curve indicates
that the theory is basically correct.

vise Eq. (1) so that a straight line can be plotted to al-
low parameters to be determined. The dependence on
N is made more explicit if it is taken to the numerator
by using the period P as the independent variable:

P(N)=2r MﬂBJg/ﬁvz +1iR% 2
1

This equation can be made linear by squaring both
sides to get

2
Pz(Nz)zﬂ—m(éthz-i—Rz). (3)
B
We have plotted our data in this form of P2 as a
function of N2 (for convenience using Graphical
Analyis). The results and a straight-line fit are cre-
ated in Fig. 3. A correlation coefficient of 1 indicates
a straight line, so the correlation coefficient of 0.998
determined in linear fitting with Graphical Analysis
supports the linear relation shown by Eq. (3). In
turn, as already shown with the nonlinear form, this
implies that the theory is very accurate and analysis
should be reliable. For simplicity we will base fur-
ther analysis on the parameter already derived using
Eq. (1). Those who do not have Graphical Analysis
should be able to readily figure out how to do a lin-
ear fit on graph paper and from it derive the needed
values using Eq. (3).
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Fig. 3. Data plotted in the linearized form correspond-
ing to Eq. (3) in the text. The representation by a straight
line is very good and analysis could be done using graph

paper.

Magnetic Dipole Moment from
Magnetic Piston

By making a “magnetic piston,” the magnetic mo-
ment can be found with very little instrumentation.
We saw above that a uniform magnetic field exerts
a torque on a dipole (and in fact it exerts no force; a
compass needle does not try to pull the user toward
the magnetic pole, only to orient itself). Obviously,
magnets also exert forces, and this is characteristic
of nonuniform magnetic fields. Small magnets have
complex (and nonuniform) fields close to them. If the
magnets are far enough apart, their interaction can be
regarded as that of dipoles. Modern strong magnets
allow big enough spacing that the dipole approxima-
tion is good while significant force is present.? This
allows us to arrange magnets carefully in order to bal-
ance magnetic force against gravity. In this way, with
an expression for the force between dipoles, we can
determine the dipole moment. A narrow clear plastic
tube allows placing one stack of magnets (one magnet
alone would easily rotate) above another without rota-
tion from magnetic torque taking place. In this way,
the upper magnet stack will float in the air above the
lower one. This setup can be referred to as a “magnetic
piston” and is illustrated in Fig. 4.

Along the axis of a dipole at the origin pointing
along the z direction, the field is given!0 by
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where p, = 4w x1077[T -m/ A]. This field is non-
uniform even along the axis since it falls off rapidly.
The force is simply equal to the gradient of the
magnetic field times the component of the dipole
moment /4 parallel to z and is along that axis. For
two identical magnets of moment p, we find that the
magnitude of the force is

F =3l 2

47’(’ z

The magnetic piston was made by taping four
stacked magnets to a tabletop and placing another
four inside a tight plastic tube where they could
freely slide up and down, with the tube taped in
place above the other four magnets so that the mag-
nets in the tube were suspended by magnetic force.
In this configuration, 5.7 cm separated the faces of
the floating magnets from those below. The z value
appropriate for the centers of the magnets, which are
the effective dipole positions, is 6.3 cm. The repul-
sive magnetic force upward must have been equal to
the gravitational force on the floating magnets. Thus

sy 2(4)*
bmg =310 )
"8 471' z4

and we can solve for the magnetic moment of a mag-

b

net as

7
W= Mzz =0.6614-m’.
This is comparable to, but slightly smaller than, the
value found for a similar magnet using a coil.3 The
fit in the previous section gave a value for the prod-
uct 118 £ 0.00185, 50 B = 1.9 x 104 nT.12 Field
m
calculators online!3 show an expected horizontal
component of 14,480 nT; so our value is likely about
30% too large. Some of the error in this approach
comes from the sensitivity of the force equation for
interacting dipoles so that small errors in measuring
and approximation of positions of magnets, as those
of dipoles, result in errors in z in an equation that is
quite sensitive to z. Assuming this is the only error
and is roughly 3 mm, the error equation

H z
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Fig. 4. The “magnetic piston” was made using two
magnet stacks and a clear plastic coin tube. The
lower stack of four magnets is taped to the table-
top to prevent rotation due to magnetic torque
from the floating upper stack. The walls of the
plastic tube (also taped securely) prevent signifi-
cant rotation of the floating stack. A finger may
be inserted to push down on the upper stack and
force it to move until it comes to a force balance
position.

would lead us to expect only a 10% error. It is thus
likely that there was some influence of the vertical
component of the Earth’s field, which at the latitude
this experiment was performed is much larger than
the horizontal component. If this is the case, the
experiment should work better at lower latitudes
than those of central Canada, where our run was
done, since the Earth’s magnetic field would be more
horizontal. It would also be possible to devise a bet-
ter form of mounting if a machine shop is available,
perhaps taking inspiration from historical instru-
ments.4 The intent of this paper was to show how

to get meaningful results with the simplest possible
equipment, so the inaccuracy is not of much concern
here.

Conclusions

Using only very simple equipment, one can show
that the form of the equation for a magnetic oscillator
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is correct. The period of such an oscillator determines

only the product B, but if another method can be
found to determine the magnetic dipole moment,

then the horizontal component of Earth’s magnetic
field can be determined. With a simple “magnetic
piston,” the dipole moment may be determined but is
subject to nonnegligible error. Using it to subsequently
determine Earth’s field resulted in a value comparable
to that expected. This experiment allows measurement

techniques and otherwise nonintuitive physical quan-
tities to be investigated at very low cost.
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