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agnetic resonance is a quantum phe- (a)
M nomenon and describes a resonant -
interaction of spins with electromag-
netic fields. Its understanding requires advanced
knowledge of quantum mechanics and condensed
matter physicsl-3 and thus often remains elusive
to students. However, the great impact of this phe-
nomenon on medicine, science, and technology
makes magnetic resonance an important subject A 4
for general education, and it requires a graspable
model for translating the physical concepts without
resorting to advanced physics.4-¢ One of the most ()
common and familiar objects related to magnetism
is the compass. Here, we develop an inexpensive
tabletop demonstration experiment for magnetic
resonance. The compass is placed into the magnet-
ic field of a permanent magnet (strong refrigerator

magnet); an alternating field of an electromagnetic Direct
coil (solenoid) excites a resonant oscillation of the iy
compass needle. The experiment has been proven battery

(b)

2 3 ﬂ 4

! (d) z

to catch the attention of audiences of all ages.

Fig. 1. (@) A compass in Earth’s magnetic field. (b) The compass in proximity to

Magnetic resonance plays an essential role in a permanent magnet; the needle points towards the magnet. When resonantly
today’s science and technology. Magnetic reso- driven, the needle oscillates with the angle 6. (c) The compass in a constant field
nance imaging is an indispensable noninvasive generated by electromagnetic coil. (d) The compass in a constant field of the

tool in medical diagnostics and research. Nuclear
magnetic resonance! spectroscopy is regularly
used in physics, chemistry, biology, and materials sciences

for investigating physical and chemical properties and fin-
gerprinting of substances. Electron spin resonance? is used
for the detection and identification of free radicals and for
controlling electron spin qubits in the quantum-computa-
tion. Electron spin resonance in magnetic materials allows

for studying magnetic properties and controlling magnetic
states3 in spintronics applications. As we exhibit in this article,
the physical concepts of magnetic resonance are translatable
via the demonstration experiment to students of various pre-
paredness levels. The prerequisites are basic understanding of
magnetism and the concept of resonance.

Science students often lack the connections between con-
cepts and physical situations. This demonstration is designed
to provide this connection by allowing students to observe
aresult that is predicted by mathematical calculation. This
demonstration experiment can be used at the high school
as well as the university level. High school instructors may
choose to implement the mathematical formalism of the ex-
periment or to reduce it to a conceptual level. Because of the
societal relevance of the magnetic resonance technology, the
experiment is further aiming at improving scientific literacy.”

permanent magnet and an alternating magnetic field of the coil. The fields are
mutually perpendicular.

Description of the experiment

A compass is placed on a desk, its needle aligning with
Earth’s magnetic field [Fig. 1(a)]. When a permanent magnet
is brought close to the compass, the needle realigns towards
the magnet as in Fig. 1(b), indicating that the magnetic field
close to the magnet is much larger than Earth’s field.

The compass can also be realigned by the magnetic field
produced by an electromagnetic coil. The compass is placed
in the middle of the coil, and a constant current is supplied
through the coil. The compass needle aligns with the coil’s
magnetic field, perpendicular to the coil plane [Fig. 1(c)]. The
needle reverses its direction by 180° when the polarity of the
current is switched.

When instead of the constant current a weaker alternating
current is supplied to the coil, the compass can no longer fol-
low the alternating magnetic field and presents a barely visible
jitter. With a permanent magnet brought close to the compass
as shown in Fig. 1(d), the needle aligns towards the perma-
nent magnet. The jitter remains very small with the perma-
nent magnet being close to the compass or far away.

Now, the permanent magnet is first brought very close to
the compass and then moved away slowly. At a certain inter-
mediate distance between the compass and the magnet, the
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jitter of the needle increases strongly. The jitter of the needle
goes over into large oscillation. When the magnet is pulled
farther away from the compass, this oscillation fades away. By
moving the magnet back and forth, it is possible to identify
the “sweet spot” where notable oscillation of the compass
needle occurs. As shown in what follows, the “sweet spot” cor-
responds to the resonance of the compass needle in the field of
the permanent magnet.

Theoretical concept

The needle of the compass consists of a ferromagnetic
material with magnetization Myeeqle- The needle remains
magnetized along its axis and possesses a magnetic moment
m = Mpeedle Vens, where V is the volume of the needle and eyg
is the unit vector pointing from south pole to north pole of the
needle. In the magnetic field® of the permanent magnet Bpy;
and Earth B, the needle experiences a torque

T=m xBpy+mxBg, (1)

The torque tends to align the needle parallel to the total ex-
ternal field within the compass plane. The field in the vicinity
of a typical permanent dipole magnet is of the order of
~5 x10-3T, which is much larger than Earth’s magnetic field
(B® ~ 50 x 100 T) that we neglect in what follows. The com-
pass serves as a simplistic detector of magnetic field in the
compass plane.

The field in the center of a short electromagnetic coil is

NI
B ~ Eey’

where yo = 4710-7 T-m/A is the magnetic permeability of free
space, N is the number of windings, D is the diameter of the
coil, and I is the electrical current through the coil. The direc-
tion of the field is perpendicular to the coil’s plane, i.e., paral-
lel to the y-axis [Fig. 1(d)].

A constant current can produce a field larger than Earth
field By and thus realign the compass. An alternating cur-
rent produces an alternating drive field Bgyjye (f). Unless the
permanent magnet is placed in its “sweet spot,” the compass
cannot fully follow the alternating drive field due to inertia;
instead it exhibits a slight jitter (in the xy-plane), i.e., oscilla-
tions with very small amplitude.

The compass lies in the horizontal plane in the center of
the coil. The permanent magnet is aligned along the x-axis.
The torques due to the field of the permanent magnet and due
to the coil are vectorial entities, oriented along the z-axis. The
sum of the torques is equal to the time-derivative of the angu-
lar momentum of the needle (Newton’s second law),

mXxBpy+mx B drive = 0 Je,, (2)
where J is the moment of inertia of the compass needle and
@ is the second time-derivative of its deflection angle. The
z-component of Eq. (2) reads
mB,y, sin(—0)+mB,.. sin[%—ﬁ] = 0. (3)

In the small angle approximation:

sin(—#) &~ —0 and sin [%— 9] ~1, and Eq. (3) becomes

é + mBPM 9 — derive(t) , (4)
J
which is a differential equation for a driven harmonic oscilla-
tor with the resonance frequency:

1 |m
fl:es:; 7BPM' (5)

In this model, the oscillator damping (friction) has been
neglected, which we find to be a good approximation for a
compass. When the frequency fy;ive of the drive field matches
the resonance frequency of the compass needle, the needle ex-
periences a resonant excitation, and the oscillation amplitude
drastically increases. When the frequencies do not match, the
drive results just in a slight jitter of the needle.

In our experiment, we first fix the frequency fy,ive of the
current through the coil. Then we slide the permanent mag-
net closer to or farther from the compass and so tune the field
Bp) experienced by the compass. The field of the permanent
magnet in the dipole approximation depends on the distance
d between the centers of the magnet and the compass as

2m
By = Ko 5 =
4 d
where mp), is the magnetic moment of the permanent mag-
net. From Eq. (5), the resonance frequency of the needle is
therefore

Ly mmyy
f’es_zw\fsz FER ©)

By moving the permanent magnet along the x-axis, the
resonance condition fes(d) = fgrive can be realized. Figure 2
shows the resonance frequency experimentally evaluated as a
function of distance d with the setup shown in Fig. 1(d). The
data are fitted well to Eq. (6) (introducing a systematic error of
1 cm to d due to inaccurate distance measurement).

B

Experiment design and operation

To be clearly visible, the frequency of the oscillator should
be in the range of a few hertz. Furthermore, the “sweet spot”
distance of the permanent magnet should be in the manage-
able range of 5 to 15 cm. A cheap thumbnail-sized neodym-
ium permanent magnet possesses a magnetic moment of
approximately mpy;~ 250 A-m2. The magnetic moment of a
compass needle depends on its size, and so does the moment
of inertia. The latter can be approximated to

1 2
J= Epneedle I/needleS ’
where pjeedle is the density of the needle material and S is the
size of the compass (length of the needle). We treat the com-
pass needle as a rod pivoted through its center. Equation (6)
for the resonance frequency can thus be rewritten as

. I pe 12M . M
frcs _\/ 0 dle "'pm

T2\ 27 praS®

27T pnccd]csv2 d3 . (7)

Equation (7) provides guidance to designing the experiment.
It shows that the resonance frequency is inversely propor-
tional to the length of the compass needle. The resonance
frequency also scales with the magnetic moment of the per-
manent magnet. Combining several magnets together, such as
shown in Figs. 1(c)-(d), can be used to increase the resonance
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Fig. 2. Resonance frequency as a function of distance d between
the compass and the permanent magnet. Red curve is the fit
using Eq. (6).

frequency. For a thumbnail-sized compass, we (empirically)
estimate the magnetic moment to 0.86 x10-3A-m? and the
moment of inertia to 1.03 x 10-11 kg-m?2. The resonance fre-
quency of the compass at d = 9.5 cm should therefore be about
3 Hz. As shown in Fig. 2, this is indeed what we measure.

The size of the coil should be chosen such as to leave suffi-
cient space for the compass and not to block the view. We use
a coil with 6.35 cm diameter, 1.25 cm length, and 800 wind-
ings. Such coils are commercially available and inexpensive.

A coil can alternatively be fabricated by the educator (~100
windings of any thin, flexible, insulated wire are preferable).

As a source for the alternating current, the audio output
jack of a computer or smartphone can be used. The coil wires
are soldered to a 1/8-in stereo phone plug (old headphones
can be repurposed?). With a free tone generator software or
with an internet website, 10 single frequency signal can be
generated from the audio output of the computer. The volume
level should be adjusted such that the compass needle oscilla-
tions in resonance do not exceed 300. Alternatively, a function
generator can be used as a drive source.

Finally, the compass and the permanent magnet need to
be positioned on the horizontal plane intersecting the center
of the coil. A supporting stage can be fabricated from any
nonmagnetic material, e.g., cardboard. Alternatively, the stage
can be 3D printed using plastic. On request, the authors will
provide a list of recommended components and the model file
for 3D printing.

Compass vs. spin resonance

In science, magnetic resonance phenomena refer to reso-
nant excitation of spins—this can be the spins of the atomic
nuclei! or the spins of the electrons.2-3 The spin of these mi-
croscopic particles is an inherent inalterable property and
leads to an associated magnetic moment. In a magnetic field,
the magnetic moments experience a torque that tends to align
them parallel to the field. An additional magnetic drive excites
an oscillation of the moments. Leaving the quantum nature of
the spin aside,? the main difference of the compass resonance
is that the needle oscillates within the compass plane. Mag-
netic moments of the particles, on the other hand, are bound

to the inherent angular momentum—the spin of the particles.
Their motion is therefore precessional (not confined to a
plane), similar to the motion of a spinning top. The preces-
sional frequency is most generally given by

=—~B, (8)
f;pm 27_(_7

where 7 is the so-called gyromagnetic ratio—the ratio of mag-
netic moment of the particle to its inherent angular momen-
tum.3 The gyromagnetic ratio of atomic nuclei is smaller than
that of the electrons by approximately 1000 (by virtue of the
different masses), such that the typical frequencies for nuclear
magnetic resonance lie in the range of MHz and for electron
magnetic resonance in the range of GHz. The magnetic fields
used in such experiments typically range from 10 mT to sever-
al tesla.

Learning objectives

The overall learning objective of this demonstration is to
foster scientific literacy in science students. The presentation
of the experiment is adaptable to student audiences of differ-
ent preparedness levels and allows for incrementally increas-
ing the depth of understanding of physical concepts.

For high school students, the learning objectives may
involve: describing the basics of electromagnetism in terms
of fields, combining theoretical concepts with a physical sit-
uation, and extending the concept of the restoring force in a
harmonic oscillator to fields.

For university students, the learning objectives can be fur-
ther extended to: predicting the frequency of oscillations, esti-
mating the magnetic field of a permanent magnet and electro-
magnetic coil, estimating the magnetic moment of a magnetic
object, recognizing when approximations are useful and when
to use them, and converting a physical configuration to the
junior level mathematical model.
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