
The Stern-Gerlach Experiment  
 

Particle Spin 
 

A physical quantity is a property of an object or system that a) can be quantified, and b) can be measured. For 
example, the mass of a cannon ball is described by a number (e.g. 5) and unit (e.g. kg). This means we can 
quantify the mass. We can measure the mass of the cannon ball by using a weight scale. Similarly, the 
temperature of a pot of water can be described by a number on the Celsius, Kelvin, or Fahrenheit unit scales, 
and it can be measured using a thermometer. 

Some physical quantities are more fundamental than others. For example, a car’s speed is described using the 
quantities length and time. We say the speed is a derived quantity. By contrast, length and time themselves 
cannot be reduced into simpler quantities. Length and time, therefore, are examples of fundamental quantities. 

One example of a fundamental quantity is spin. Spin, or intrinsic angular momentum, quantifies how elementary 
particles interact with electromagnetic fields. Specifically, the more spin a particle has, the more of a torque it 
will experience in a magnetic field.  

Spin is a vector quantity, meaning that it is described by a size and a direction. To encode the direction of spin, 
we allocate vector components that describe the magnitude of spin in each of the 𝑥, 𝑦, and 𝑧 directions in three-
dimensional space: 

 

 

 

 

 

 

 

 

Diagram 1 

The overall size of the vector here is 𝒗. Using the Pythagorean theorem, this combination of vector size and vector direction corresponds to 
an x-component of size 𝒗𝒙, a y-component of size 𝒗𝒚, and a z-component of size 𝒗𝒛. 

 

The individual vector components of a spin vector could each be interpreted as properties of the particle, since 
each component contributes to the overall description of the particle’s physical state.  

Electrons, which belong to a family of elementary particles called fermions, have spin of size  ℏ
"
  in each of the 𝑥, 

𝑦, and 𝑧 directions, where ℏ is Planck’s constant divided by 2𝜋: 

ℏ		 = 		 "
#$
	≈ 		6.5821 × 10%&'		𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑣𝑜𝑙𝑡	𝑠𝑒𝑐𝑜𝑛𝑑𝑠. 



Depending on whether the spin vector is pointing in the positive or negative direction along the 𝑥, 𝑦, or 𝑧 axis, 
the spin in each of the directions can be either  ℏ

"
 or − ℏ

"
. Correspondingly, we say that an electron has an 

“upward” or “downward” spin in each of the 𝑥, 𝑦, and 𝑧 directions. 

 

 

 

 

 

 

 

 

Diagram 2 

 

We can encode whether the electron has an upward or downward spin in each of the 𝑥, 𝑦, and 𝑧 directions as 
follows: 

𝑆) =	
ℏ
#
         𝑆) = −	ℏ

#
 

𝑖	 = 	𝑥   | + 𝒙	⟩	         | − 𝒙	⟩ 

𝑖	 = 	𝑦   | + 𝒚	⟩	         | − 𝒚	⟩ 

𝑖	 = 	𝑧   | + 𝒛	⟩	         | − 𝒛	⟩ 

“Dirac notation”, or “Bra-ket notation”, is used to compactly describe quantum mechanical states of a system. 

 

Now, quantum mechanics suggests a whole lot of strange things about the physical world.  The first oddity we 
have stumbled across is the notion of quantization. Certain physical quantities, like spin, can only adopt discrete 
values. For example, while a length can be 1 cm, or 1.01 cm, or 1.0138927… cm, electron spin in any direction 
can only be either  #

"
 or − #

"
. For more about quantization, read the article on the Max Planck and the Black Body 

Radiation. 

One other particularly strange aspect of quantum mechanics is that some physical quantities cannot be known 
at the same time as other quantities. That is to say, if you know the value of one physical quantity, you cannot 
precisely know the value of the other physical quantity! Position and momentum are an example of such a pair. 
If you measure the position of a particle, you only know that its momentum falls within a certain range of values, 
but you can’t know the exact momentum. Position and momentum are an example of incompatible 
observables. 

There is reason to believe, however, that not only do we not ‘know’ the momentum of the particle, but that the 
momentum of the particle is itself indeterminate whenever the position is measured and determined. Whether 
this is physically the case or not remains the subject of debate. But in any case, if we measure the value of one 
quantity (say momentum), then measure the value of the incompatible quantity (say position), and then re-
measure the first quantity (momentum again), our particle will have undergone a “reset”, and its momentum 
value will likely be something new, and not because our measurement process disturbed the experiment. 
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As it happens, a particle’s spin in each of the 𝑥, 𝑦, and 𝑧 directions are also all incompatible observables. In an 
experiment conducted by Otto Stern and Walter Gerlach in 1922, it was discovered that if you measure 𝑆$, the 
particle’s spin in the 𝑧 direction, then measure spin in one of the other two directions (𝑆% or  𝑆&), and then re-
measure 𝑆$, then the value of 𝑆$ will have “reset”, and its previous measurement value will have been “erased”.	 

 

The Stern Gerlach Experiment 

 

A particle with spin will experience a force in a magnetic field so long as the spin vector has a vector component 
that is parallel to the magnetic field.  

 

 

 

 

 

 

Diagram 3 

 

Let’s say we have a non-uniform magnetic field that points in the positive 𝑧 direction. Specifically, this non-
uniform magnetic field is very strong at its source, but weakens very quickly as we move up the 𝑧 axis toward 
the south pole. This kind of magnetic field is created using two magnetic pole pieces: the north piece has a 
tapered top (like the roof of a barn), and the south piece is just a flat block: 

 

 

 

 

 

 

 

Diagram 4 

 

Let’s call the experimental set-up of this magnetic field an SG-𝒛 device. 

The torque on the particle in a magnetic field depends on not only on the particle’s spin, but also on a) the 
particle’s charge, and b) whether the magnetic field increases or decreases in strength as we move from the 
north to the south pole. An electron has a negative charge. For this reason, an electron with upward spin in the 
𝑧 direction will be deflected upward by SG-𝑧 device (a magnetic field which decreases in strength from north to 
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south). In contrast, a proton with upward spin, which has a positive charge, will be deflected downward by this 
SG-𝑧 device. 

 

An electron with a spin state | + 𝒛	⟩	will be deflected upward by SG-𝒛 device, and an electron a 
spin state | − 𝒛	⟩ will be deflected downward. 

 

In their experiments, Stern and Gerlach used silver atoms. This is because silver atoms have 47 electrons orbiting 
the nucleus: the total orbital and spin angular momentum of the first 46 electrons equals zero, whilst the 47th 
electron has zero orbital angular momentum but non-zero spin angular momentum. The torque the silver atom 
feels in a magnetic field, therefore, is entirely because of the torque felt by that single 47th electron. 

 

Stern and Gerlach conducted four different experiments with silver atoms: 

 

Experiment 1: 

In the first experiment, Stern and Gerlach sent a beam of silver atoms through an SG-𝑧 device in order to 
separate the particles with upward and downward spin in the 𝑧 direction. They then took all the | + 𝒛	⟩ particles 
and sent them through a second SG-𝑧 device. All particles that exited the second SG-𝑧 device still each had a 
spin state of | + 𝒛	⟩	. 

 

 

 

 

Diagram 5 

Experiment 2: 

Stern and Gerlach sent a beam of silver atoms through an SG-𝑧 device in order to separate the particles with 
spin states | + 𝒛	⟩ and | − 𝒛	⟩. They then took all the | + 𝒛	⟩ particles and sent them through an SG-𝒙 device. Half 
of the particles that exited the SG-𝑥 device had a spin state of | + 𝒙	⟩ and the other half had a spin state of 
| − 𝒙	⟩. 

 

 

 

Diagram 6 

 

Experiment 3: 

Stern and Gerlach once again sent a beam of silver atoms through an SG-𝑧 device in order to separate the 
particles with spin states | + 𝒛	⟩ and | − 𝒛	⟩.  They then took all the | + 𝒛	⟩ particles and sent them through an 
SG-𝑥 device. As before, half of the particles that exited the SG-𝑥 device had a spin state | + 𝒙	⟩. 

SG-𝒛 
SG-𝒛 

| + 𝒛	⟩ 

| − 𝒛	⟩ 

| + 𝒛	⟩ 

SG-𝒛 
SG-𝒙 | + 𝒛	⟩ 

| + 𝒙	⟩ 

| − 𝒛	⟩ 

| − 𝒙	⟩ 



Stern and Gerlach then took all of these | + 𝒙	⟩ particles, and sent them through another SG-𝑧 device. Half of 
the particles that exited the SG-𝑥 device had a spin state of | + 𝒛	⟩ and the other half had a spin state of | − 𝒛	⟩. 

 

 

 

 

Diagram 7 

 

This is a very strange result indeed. Stern and Gerlach pre-selected particles with a spin state | + 𝒛	⟩. Why then, 
at the end of this experiment, did only of half the pre-selected particles have spin states of | + 𝒛	⟩, and the other 
half have spin states of | − 𝒛	⟩? It would seem that measuring spin in the 𝑥 direction modified the particles’ spin 
state in the 𝑧 direction! 

 

Experiment 4: 

In experiment four, several different SG devices are combined into one single modified device.  

Our modified SG device is made up of three different SG magnets. The first is our normal SG magnet, with a 
tapered north pole at the bottom and a rapidly decreasing magnetic field strength as we move up toward the 
south pole. The second magnet has its poles reversed: a tapered south pole is at the bottom, and our magnetic 
field strength rapidly increases as we move up toward the north pole. This second SG magnet is also much longer 
in length. The third and last magnet in our new SG device is our original SG magnet, like the first magnet. This 
SG device therefore first separates our particles according to whether they have upward or downward spin, but 
then recombines the separated particle beams into a single beam again. Therefore, the beam that leaves the 
modified SG device is just like the beam that entered the SG device. 

 

Why is this modified SG device useful? Well, after our initial particle beam enters the device and is separated 
into two distinct beams, we can decide whether or not we want to block one of the beams from continuing 
through the device. This is equivalent to deciding if we want to measure the spin states of the particle. If we 
block the beam of particles with downward spin, we have “measured” the particles’ spin and allowed only 
particles with upward spin to continue through the device. Alternatively, we don’t have to block any beam’s 
path, and all our particles can continue through the modified device without having undergone any 
measurements till the very end. 

 

In experiment four, we once again pre-select particles with spin states | + 𝒛	⟩ by sending them through an SG-𝑧 
device. This beam of particles is then sent through our new modified SG device, which is spatially oriented to 
measure spin in the 𝑥 direction. No beam of particles is blocked, thus no measurement of spin in the 𝑥 direction 
is made. After traversing our modified SG-𝑥 device, the beam of particles is then sent through another SG-𝑧 
device: 

 

 

 

Diagram 8 
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When our beam of particles leaves all SG devices, all of our particles still have spin states of | + 𝒛	⟩. 

 

By contrast, if we block a beam of particles in the modified SG-𝑥 device (say the | − 𝒙	⟩ particles), the beam of 
particles that successfully leaves all SG devices then have both | + 𝒛	⟩ and | − 𝒛	⟩ particles in equal amounts. 

 

Experiment four reveals to us that once a spin state in the 𝑥-direction is “declared” through a measurement, the 
original spin state of each particle in the 𝑧-direction is “erased”! When no beams are blocked in experiment four, 
our | + 𝒛	⟩ particles retain their upward spin through till the end of the experiment. The natural conclusion, 
therefore, must be that when no measurement is made of 𝑆%, the particles have no distinct spin value in the 𝑥-
direction. It is precisely because the spin values in the 𝑥-direction remain indistinct that the particles are able to 
retain their original spin state of | + 𝒛	⟩. 

 
Conclusion 
 

Stern and Gerlach originally devised and conducted their experiment to test whether the angular momentum of 
particle, like energy, was a quantized quantity. As a matter of fact, at the time of their experiment, they didn’t 
know that spin, which is intrinsic rather than orbital angular momentum, even existed! When particle spin was 
hypothesized and discovered a few years later, the Stern Gerlach experiments strongly supported the notion of 
particle spin.  The Stern Gerlach experiment was therefore canonical on several fronts: firstly, by demonstrating 
the separation of electron angular momentum into two discrete quantities (ℏ

"
 and − ℏ

"
), secondly, by supporting 

the discovery of a new quantity we now call particle spin, and thirdly, by physically epitomizing the strange 
phenomenon of incompatible observables. To this day, the Stern Gerlach prize medal is awarded annually within 
Germany to physicists of high experimental achievements, in honour of the profound contributions made by the 
original Stern-Gerlach experiment. 

 

Next article: Wave Particle Duality 

 


