Module 3 - How Do Quantum Spins Behave in a Magnetic Field?
Instructor’s Manual

Suggested Prior Modules
Module 2.

Particular prior knowledge from Module 2 that students are expected to have already
learned:
e Spinis an important property of elementary particles and has its own quantum
number
e spins interact with a magnetic field
If you do not have time to do the entirety of Module 2, The Discovery of Quantum Spin
section should suffice as preparation for this module.

Particular prior knowledge from other courses that students are expected to have seen
already:
e \ectors (basics, no need to know how to break them up into components)
e Magnetic moment, angular momentum, torque (at the level often taught in
introductory physics classes or honors-level high school physics classes)
e Helpful prior knowledge, but it is not critical for achieving primary objectives:
vector cross-products, right-hand rule
If students have not seen some of these topics or need a refresher, having some
assigned pre-reading from Khan Academy, the Physics Classroom, or any introductory
physics textbook should suffice. It is helpful if students have a simple conceptual
understanding of these topics so they are not seeing it for the first time in this module.

Note about this module: This is the first module that primarily aims to introduce basic
scientific abilities (using the |ISLE rubrics) while developing a classical model for
quantum spin that will be used throughout the rest of the modules. We highly suggest
students write out answers to the module questions in a laboratory notebook, as the
questions guide students to write down detailed notes of their design process,
predictions, and analyses that we hope can serve as a model for writing up future
experiments in their laboratory notebook as the scaffolding is taken away in future
modules.

Another note about this module: This module covers a lot of ground, and is probably
best broken up over two 1.5-hour sessions. We suggest starting the second portion at
Exploratory Experiment - What determines the frequency of precession of a quantum
spin? If doing it all in one day, provide plenty of short breaks between sections and have
students summarize the main point of each section before moving on to the next.



https://meridethfrey.github.io/NMRISLE/Module2.html#discovery-of-quantum-spin
https://sites.google.com/site/scientificabilities/rubrics
https://meridethfrey.github.io/NMRISLE/Module3.html#exploratory-experiment---what-determines-the-frequency-of-precession-of-a-quantum-spin
https://meridethfrey.github.io/NMRISLE/Module3.html#exploratory-experiment---what-determines-the-frequency-of-precession-of-a-quantum-spin

Expected Learning Outcomes
At the end of this module, students should be able to...
1. describe what is observed without trying to explain, both in words and by means
of a picture of the experimental setup (Scientific Ability B5)

2. design a reliable experiment that tests the hypothesis (Scientific Ability C2)

3. make a reasonable judgment about a given hypothesis based on experimental
data (Scientific Ability C8)

Background Information
(5 minutes)

Suggested activity: Read aloud the short text - which essentially summarizes the aims
of this module and introduces the magnetic torque apparatus that will be utilized.

Observation Experiment - What does spin got to do with it
(5 minutes)

You can use any available gyroscope or toy top for the observation experiments. First,
just try to balance the gyroscope on its tip without spinning and have students write
down their observations. Then repeat after spinning the gyroscope.

As is stated in the text, this is the opportunity for students to practice making
observations without hopping to conclusions, as if they were scientists viewing this
phenomenon for the first time. (This is the first learning objective.)

Class-Wide Discussion

Go through the Class-Wide Discussion questions as a class. If students use any
physics jargon in their explanations (e.g. some students who have recently studied
rotational motion might mention angular momentum or torque) ask them to clarify what
they mean by going back to what they actually observe. Students with no prior
experience in rotational motion actually have an advantage in writing these
observations, which helps level the foundation for everyone.

The Spinning Aspects of Quantum Spin
(15 minutes)


https://meridethfrey.github.io/NMRISLE/Module3.html#observation-experiment---what-does-spin-got-to-do-with-it
https://meridethfrey.github.io/NMRISLE/Module3.html#the-spinning-aspects-of-quantum-spin

Suggested activity: Have students take turns reading aloud this section. Feel free to
pause to explain further the different boldfaced words that may require more clarification
and feel free to make use of your favorite rotational motion demonstrations to help
students practice using the right hand rule.

You can do a quick think-pair-share for students (perhaps using small white boards) to
complete the guided inquiry questions using the provided information for about 5
minutes.

Testing Experiment - What causes the quantum spin to interact with
magnetic field?
(30 minutes)

If you do not have access to a magnetic torque apparatus to show what happens to the
white cue ball when the applied magnetic field is increased and decrease, you can show
this video.

For the guided inquiry questions, students can individually do question 4 (write down
observations) and you can have students share and see if anyone has anything else to
add. Question 5 is good for a class-wide question to try to generate as many possible
explanations as possible.

The most common explanations are:

e The white cue ball is ‘magnetic’ in some way - | try to refine this into it either (1)
being made of a strongly magnetic material OR (2) containing a permanent
magnet (essentially the difference between a fridge magnet and the fridge itself,
both interact with permanent magnets but the fridge doesn’t generate its own
magnetic field).

e The white cue ball is electrically charged. This might come up if people recall
electricity and magnetism are related in some way, know that circulating electric
charge produces a magnetic moment, or seen some explanations of electrons as
a spinning ball of charge. In fact, you would need the ball to be spinning in order
for this to be a possible explanation for the behavior we see, but if it comes up, |
am happy to let it stand since it is an easy explanation to test (and disprove) in
this case. (And later when we see the classical model of an electron as a
spinning negative charge generating its own magnetic moment, you can refer
back to this hypothesis not being too far off!)

The provided experimental videos provide experiments to differentiate between these
different hypotheses.


https://meridethfrey.github.io/NMRISLE/Module3.html#testing-experiment---what-causes-the-quantum-spin-to-interact-with-magnetic-field
https://meridethfrey.github.io/NMRISLE/Module3.html#testing-experiment---what-causes-the-quantum-spin-to-interact-with-magnetic-field
https://www.youtube.com/watch?v=3sni9kltX1s

Some uncommon explanations and how to address them:

e Students may also propose that there is an electromagnet instead of a
permanent magnet inside the white cue ball, and technically we wouldn’t be able
to tell the two apart with the experiments given. However, the fact that there is no
clear power source for the electromagnet and we are not having to cool the cue
ball down for some sort of superconductor to be involved make the permanent
magnet a more likely solution.

e There is some sort of Faraday induction happening. This technically wouldn’t
explain the behavior, because induction would try to counter the applied
magnetic field and several dampen any motion in the magnetic field, but | would
praise students for recalling these concepts from electromagnetism (even if they
are not applying them completely correctly!)

e Some sort of demon pushing the magnet. These are always fun to include at
least to point out that science cannot actually rule anything supernatural out, but
since this explanation is not testable it wouldn’t be a good scientific hypothesis.

Guided inquiry questions 6 - 10 can then be done in small groups, as they walk students
through designing an experiment/s to test these different possible explanations and
performing those experiments (or analyzing the provided experimental videos) to
ultimately come to a conclusion on which explanation is best to explain the behavior.

You should try to avoid implying that students got the ‘correct’ answer, because in
science, we do not know what the correct answer is, we only know what our
experimental data suggests may be the best explanation. (In this case, | am fairly
certain there is a permanent magnet inserted in the white cue ball because of these
different tests, but | haven'’t cracked it open to check!)

The Magnetic Aspects of Quantum Spin
(15 minutes)

Suggested activity: Have students take turns reading aloud this section. Feel free to
pause to explain further the different boldfaced words that may require more
clarification. If you have time, it is fun to talk about the limits of classical models to
explain quantum spin by referencing the Fun Fact in the margin of the Spin Angular
Momentum section.

You can do a quick think-pair-share for students (perhaps using small white boards) to
complete the guided inquiry questions using the provided information for about 3
minutes.


https://meridethfrey.github.io/NMRISLE/Module3.html#the-magnetic-aspects-of-quantum-spin
https://meridethfrey.github.io/NMRISLE/Module3.html#spin-angular-momentum
https://meridethfrey.github.io/NMRISLE/Module3.html#spin-angular-momentum

This is a good place to take a break and review everything you have discovered about
our physical model of quantum spin. The remaining part of the module can easily take
up another 1.5 hours to allow time for students to perform their own experiments (which
we highly suggest you do!)

Exploratory Experiment - What determines the frequency of

precession of a quantum spin?
(60 minutes)

Suggested activity: Have students take turns reading aloud the text this section. Feel
free to pause to explain further the different boldfaced words that may require more
clarification and feel free to make use of your favorite rotational motion demonstrations
to help students make sense of precession. It’s alright if they don’t fully understand
vector cross product involved, mainly they should understand that because there is an
applied torque perpendicular to the angular momentum, the angular momentum will
precess in a circle.

You may also want to review how to measure frequency by measuring the period, and
suggest students use multiple cycles and/or multiple trials to get a rough estimate of the
fractional uncertainty in their period measurements (and this can be assumed to roughly
give the fractional uncertainty in their calculated precession frequencies.) Since the
experiments they will perform in this section involve comparing the measured
precession frequency when different parameters are changed, students will need to be
aware of the size of the uncertainty in order to determine which frequency
measurements effectively the same within experimental uncertainty or clearly different.

The guided inquiry questions can be completed in small lab groups and will encourage
students to perform several experiments (and/or viewing the linked videos) so they can
determine what parameters appear to affect the observed precession frequency. The
bulk of the time in this section should be students playing with the apparatus, taking
data and trying to make sense of what they are seeing. It really is a nice opportunity for
them to explore and act like scientists to try to understand this new physical
phenomenon!

If you do not have access to a magnetic torque apparatus have students view some of
the videos that students performed using the magnetic torque apparatus (where they
varied: spin speed, orientation of the rotation axis relative to the magnetic field, magnet
current, magnetic field direction.


https://meridethfrey.github.io/NMRISLE/Module3.html#exploratory-experiment---what-determines-the-frequency-of-precession-of-a-quantum-spin
https://meridethfrey.github.io/NMRISLE/Module3.html#exploratory-experiment---what-determines-the-frequency-of-precession-of-a-quantum-spin

Students should be able to give a fairly conclusive answer that magnet current clearly
affects the precession frequency (and that the higher the magnet current, the shorter
the period, and thus the higher the precession frequency). This is the main
experimental result we want them to observe, the other observations are extra
frosting on the cake that either match with the theory or hint at where this physical
model is limited compared with an actual quantum spin. The magnetic field direction will
only cause the direction of precession to change, but not change the precession
frequency. This matches well with the theory explored in the next section.

There is also a slight spin dependence, but reliably spinning the ball at different speeds
without causing extra wobbling can be a challenge. If done correctly, students should
observe that high spin speeds (higher angular momentums) actuall leads to smaller
precessional frequencies. This can seem pretty counter intuitive, but does actually
match the theory since we are affectively decreasing the gyromagnetic ratio by
increasing angular momentum while keeping the magnetic moment constant. (Check
out the answers to the student questions for more details).

There also appears to be a very slight angular dependence on the precession frequency
(though much smaller than all the other parameters). This is not something that
matches the theory, and actually is a mysterious phenomenon noticed in this apparatus
that is mentioned in the instructor’s manual. | suspect that it is due to some friction and
drag still being present in this physical model compared with an actual quantum spin,
but this is certainly something that would be fun to explore further if a student is
interested!

Larmor Precession
(20 minutes)

Suggested activity: Have students take turns reading aloud this section. Feel free to
pause to explain further the different boldfaced words that may require more
clarification. The main point is to see that for a quantum spin, the interaction with the
magnetic field provides the torque that causes the spin to precess. You clearly need
both the magnetic aspect of spin (the magnetic moment interacting with the field) along
with the angular momentum aspect of spin to fully explain the precession of a quantum
spin in a magnetic field.

Most of the time for this section should be having the students in small groups go
through the guided inquiry questions, particularly questions 17 and 18 about the
similarities and differences of this physical model compared with Larmor’s theory.


https://meridethfrey.github.io/NMRISLE/Module3.html#larmor-precession

Reflection Questions
(Any Remaining Time)

Suggested activity: In any remaining time you can choose some or all of the questions
as a small group or individual reflection activity. These are good questions for being
completed outside of class as homework. They can help assess individual students’
data interpretation, plotting, and analysis skills.

In the last 5 minutes of class: Give the students some time in class to assess
themselves on the learning objectives using the provided rubric in the student
worksheet.



