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Abstract: Many of the superparamagnetic classical and quantum phenomena can be observed with a Stern-

Gerlach device, so the purpose of this TFG is to explore the behaviour of single domain particles in that device 

under certain conditions of temperature and magnetic field. A simulation is been performed in order to reproduce 

non analytical results. Some applications of the so mentioned experiment are also discussed.

  

I. INTRODUCTION 

Single domain particles (SDP) are pieces of ferromagnetic 

crystals, which means with all its spins oriented parallel, 

whose size is small enough to make more energetically-

costing to inverse one of its spins than to inverse the entire 

particle. 

This allows us to treat them as huge-spin particles, due to 

their high exchange energy. 

At the nanoscale, these super magnets and their 

analogous, the molecular magnets as Mn12 [1], [2], have 

contributed to the discovering of many quantum magnetic 

phenomena, such as tunnel effect and experimental 

observation of magnetic relaxation [3].  

 

They also constitute one of the best new investigation 

lines to test quantum theories. In addition, they are expected 

to offer a great number of applications, including non-

invasive nor radiological cancer treatment via tumour 

superheating and many other biomedical applications [4], 

manufacturing of quantum bits (qubits) and the improvement 

of the existing magnetic devices as magnetic bands, 

informatic memories, etc. 

Additionally, SDP are an important future bet to 

investigate new theories at the frontiers of the science as they 

act as a bridge between classical and quantic worlds. Despite 

this, nowadays most of those applications are strongly limited 

because of the fact that a very narrow-peaked distribution is 

required.  

 

The main goal of this work is to assess one of the 

purposed methods that uses a Stern-Gerlach device in order 

to filter an initial distribution and make it narrower. Stern and 

Gerlach, with their eminent experiment, made it undeniable 

the existence of a fourth degree of freedom at the quantum 

system of an atom, the spin. 

By flying Ag atoms through a magnetic field gradient 

zone, the expected outcome of the experiment was a 

continuous stain due to the continuity of the electronic 

angular momentum, according to classical theory. Instead of 

it, two symmetric stains were obtained, revealing that Ag 

atoms had only two possible deflections, which meant the 

passage from the continuous to the discrete. SDP, on the 

other hand, are susceptible to change their quantic state due 

to thermal excitation.  

This capability depends on spin and can be profited by the 

Stern-Gerlach device to acquire narrower distributions than 

current available. 

II. MATHEMATICAL SUPPORT 

It is known that a SDP immersed in a magnetic field at a 

certain temperature can flip between the parallel and the anti-

parallel states due to thermal excitation. The characteristic 

time lapse in which this occurs is described by Néel's 

relaxation time law [3] 

 

 𝜏𝑁 = 𝜏0 · 𝑒(𝐷𝑠2𝐾𝑏𝑇)
 (1)  

with 𝜏0 being the so called trial time and D being the 

anisotropy constant of the material. When the conditions of 

the experiment make this time lapse comparable with the 

time that a SDP takes to cross the magnetic field gradient 

zone, unblocking is observed.  

As the Schrödinger equation exhibits no analytical 

solution for this system, [5] numerical solutions must be 

performed. Another possibility is to assume a certain model 

and simulate it instead. 

In this TFG, the chosen model assumes that the SDP has 

an effective spin that is the expected value of all its possible 

projections weighted by its survival time [3]. 

 

                         𝑠𝑒𝑓𝑓 = 𝑠 · tanh ( 𝑏𝑧𝑠𝑘𝐵𝑇) 
 (2) 

where 𝑏𝑧 = 𝐵𝑧𝑔𝑠𝜇𝐵 is the second term of the 

Hamiltonian 𝐻 = −𝐷𝑠𝑧2 − 𝑏𝑧𝑠𝑧. As the SDP is moving on a 

non-uniform magnetic field this effective spin depends on its 

z position, and its z position depends on the effective spin. 

Then, the aim of the simulation is to measure the effective 𝑏𝑧 

factor. 

 

Once 𝑏𝑧 factor is known, the effective third component 

spin of a certain SDP is set, and so the expected value of its 

impact point on the collecting screen, for a given 

temperature. 

 

This is the key information in order to use the Stern-

Gerlach device as a classifier. A certain initial distribution 

will spread out after flying throughout the Stern-Gerlach 

apparatus according to its effective spin. So, one could send a 

certain initial distribution of SDP through the Stern-Gerlach 

device at a high temperature and reject blocked particles, 

those that has been deflected the most. Then repeat the 

experiment at a temperature and reject unblocked particles, 

those that have been almost non-deflected. By repeating this 

process, a narrow-peaked distribution is achieved, no matter 

how the initial distribution was.  
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There is another relevant issue during the temperature 

changing, the magnetic field. The presence or absence of a 

uniform magnetic field when cooling or heating the sample 

causes different initial populations, and the Stern-Gerlach 

device is sensitive to it, producing such many different 

results. 

As the Figure 1 shows, the presence of a magnetic field 

along the easy-magnetization axis makes the anisotropy 

barrier asymmetric. Then, flipping from parallel orientation 

to anti parallel one is no longer equally time-costing than the 

flipping from the antiparallel orientation to the parallel one. 

In other words, there is a preferable state. 

 
Figure 1: Magnetic field dependence of the anisotropy barrier. 

If no magnetic field is set while cooling or heating, both 

parallel and antiparallel states are equally probable. This is 

also true in the very first income of the SDP into the Stern-

Gerlach device. However, once the SDP starts deflecting, the 

magnetic field is not null, even with no external magnetic 

field. So, in the end, SDP have different probabilities to flip 

depending on the state they are. 

In that experiment, this leads us to a distinction between 

the zero-field cooled and the field-cooled experiment as the 

field cooled will produce asymmetric stains.  

As the antiparallel states have a lower barrier, the most 

stable state is the parallel one, so most of the SDP will 

behave as blocked particles with a parallel spin state and will 

produce a greater stain on the screen. 

Regarding to tunnel effect, the Stern-Gerlach experiment 

with SDP can be used to observe it. The relevant parameter is 

again the temperature.  When the very low temperature 

experiment is realized, only blocked behaviour is exhibited. 

Blocked particles' impact height is well known, so any other 

impact height must be the result of another mechanism for 

the spin to inverse and to act as an effective spin, that’s 

tunnel effect. 

If the magnetic barrier energy is higher than the thermic 

energy, thermal inversion is not permitted. Then the only way 

to inverse the spin of a SDP is by the tunnel effect. Then, 

splitting makes it possible for the spin to tunnel the barrier. 

Once the barrier is over, the spin is in an excited state, and 

will drop rapidly to the stable one. 

Angular momentum conservation’s law makes it 

impossible for the tunnel effect to occur unless a 

perpendicular magnetic field is set, making the energy of two 

different states equal. Otherwise, sz is an eigenstate of the 

Hamiltonian and it is conserved.  

 

 𝐻 = −𝐷𝑠𝑧2 − 𝑏𝑧𝑠𝑧 − 𝑏⊥𝑠⊥ (3) 

 
The accuracy of the measurements of the tunnel effect 

increases with the decrease of the standard deviation of the 

spin sample. The more equal the SDP are the less noise in 

measurement we have, again due to thermal excitation.  

The interesting thing is that a single device can process a 

desired sample and then make measurements. In addition, for 

certain materials, the lower required temperature is above 78 

K, which is the boiling temperature of liquid nitrogen at 

atmospheric pressure. This makes the experiment possible 

with a relative cheap and simple cooling system. 

 

III. DISCUSSION 

A. METHOD 

The chosen material for the simulation is a hypothetical 

one. In fact, all data was extracted from the Mn12 

monomolecular magnet and SDP on this simulation are 

clusters of that molecules. The anisotropy constant is 

assumed to be the same than the Mn12, even knowing that 

now we have a cluster, not a single molecule. Then the 

material’s parameters are the following: 

Spin Mass [a.m.u] D [J] D [eV] 

10.0 1868.013516 8.343121·10
-26

 0,520737 
Table 1: Material’s parameters for the simulation. 

The script starts by creating a sample with a gaussian 

distribution with 𝜇=35 and 𝜎=5. So, the average spin of the 

sample is 350. Once the initial population is created, initial 

third component of the spin is set, according to the presence 

or absence of a uniform magnetic field when cooling or 

heating. 

 

 
Figure 2: Initial population histogram. 

Then, as previously mentioned, the entire sample is shot 

throughout the Stern-Gerlach device, particle by particle. 

During the flight, each particle has several opportunities of 

changing its third component of the spin. The probability of 

inversion is calculated as following [3]: 

 𝑝(|𝑠⟩ →|−𝑠⟩) = 11 + 𝑒𝐻−𝐻𝑚𝑎𝑥𝑘𝐵·𝑇  (4) 

 

Once all particles reach the collecting screen, filtering is 

performed automatically by the computer. The height at 

which the filtering is done can be modified, but a bad value 
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will only cause the program to lengthen the computing time 

by increase its required iterations. 

Two uncertainty sources are considered. The first one is 

the uncertainty due to a non-ideal collimator. This one causes 

the initial vertical speed not to be zero, but it can be taken 

into account using the uncertainty propagation method: 

 𝛿𝑧𝑠𝑐𝑟𝑒𝑒𝑛 = ℎ𝑐 · (1 + 𝑙𝑠𝑔 + 𝑙𝑠𝑙𝑐 ) (5) 

 
where hc is the eight of the collimator, lc its longitude, lsg 

the longitude of the Stern-Gerlach device and ls the distance 

between the end of the Stern-Gerlach device and the 

collecting screen.The considered values of those quantities 

and other ones referring to the geometry of the experiment 

are displayed on the following table 

hc [µm] lc [m] lsg [m] hsg [m] lp [m] vx [m/s] 

1.00 1.00 0.20 0.10 2.00 100.00 
Table 2: Device’s parameters for the simulation. hsg is the semi-

height of the Stern-Gerlach device and vx  is the initial 

horizontal component of the velocity at which particles are shot. 

The second uncertainty source is the computational 

randomness in each inversion trial. To assess it, initially 

identical experiments are launched, and the impact height 

uncertainty is taken as the standard deviation of those 

different experiments. The first uncertainty source has 

nothing to do with the conditions of the experiment, such as 

temperature or constant magnetic field. However, this second 

source depend explicitly on temperature. This is the reason 

why it must be calculated for each particle at every 

experiment, increasing considerably the simulating time. 

In spite of this, it also offers output data, which are the 

basis for the simulation's goodness evaluation. From the 

equation (1), one can derive an expression for the trial time: 

 𝜏0 = 𝜏𝑁 · 𝑒−(𝐷𝑠2𝐾𝑏𝑇)
 

(6) 

As previously mentioned, unblocking occurs when 𝜏𝑁 is 

comparable to the flight time, 𝑓𝑡 = 𝑙𝑠𝑔𝑣𝑥 . The shape of the 

uncertainty function reveals two interesting facts. First of all, 

blocking, which is found because above a certain value for 

the spin, the uncertainty is almost zero (𝛿𝑧 ~ 10−17𝑚). This 

can be used to calculate 𝜏0 knowing the first blocked spin. 

The second fact is that a maximum is observed. This can 

be used to determine the most conflictive spin value. 

Performing the same calculation, another parameter can be 

extracted, 𝜏0′ . 

 
Figure 3: Uncertainty dependence on the spin for different 

temperatures. 

In this case, the calculated values for 𝜏0 and 𝜏0′  are 

the following: 

 𝑇𝑙𝑜𝑤 (~50 𝐾) 𝑇𝑖𝑛𝑖𝑡𝑖𝑎𝑙  (~90 𝐾) 𝑇ℎ𝑖𝑔ℎ (~280 𝐾)𝜏0 (· 10−10𝑠) 4.285 3.824 4.446 𝜏0′  (· 10−7𝑠) 3.546 0.734 1.104 

Table 3: Simulated output data. 

Output data shows that the trial time has a reasonable 

value and, furthermore, that this value is approximately 

constant with temperature. In fact, the same single value for 𝜏0 reproduces quite well the blocking and the maximum 

uncertainty. 

Once this parameter is known, random trials for the 

temperature are no longer needed as blocking temperature 

can be exactly computed, as well as blocking spin value. 

 

 𝑇𝐵 = 𝐷 · 𝑠2𝑘𝐵 · ln (𝜏𝑁𝜏0 ) (7) 

 𝑁𝐵 = √𝑘𝐵 · 𝑇𝐷 · ln (𝜏𝑁𝜏0 ) 

(8) 

 

In order to obtain good results, the desired spin must be 

far away from the maximum uncertainty. Then, at low 

temperature, the desired spin should fall on the left queue of 

the uncertainty function and at high temperature it should be 

placed at the right queue. By imposing this condition, the low 

and high temperature values are set at 51 K and 285 K 

respectively. Notice that the almost-zero condition for the 

right queue (𝛿𝑧 ~ 10−17𝑚) is much stronger than for the left 

one 𝛿𝑧 ~ 10−5𝑚. This fact, as explained below, is reflected 

on the final filtered population. 

 
For the final analysis, one more issue must be discussed: 

the collecting grid. In order to reproduce the results as 

faithfully as possible in the actual experiment, finite detector 

element must be considered. Lower than the minimum 

uncertainty sized elements have no sense as they will tell 

nothing new. So, the size of the detecting elements is 

calculated for each temperature as the minimum uncertainty, 

and, also for esthetical reasons, it do change. 

However, the minimum uncertainty corresponds to 

blocked particles and its value, 𝛿𝑧 ~ 10−17𝑚, has no practical 

sense as no detecting elements can be manufactured at that 

size. To avoid this problem, the script is equiped with a 

minimum reasonable value for the size of the detecting 

elements, 𝛿𝑧𝑚𝑖𝑛 = 1 · 10−6𝑚. In spite of this, one of the 

goals for this simulation is to obtain the collecting height, and 

that does not depend on the size of the grid. 
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B. RESULTS 

Once all the experiments are done, the program allows 

many data analysis. First of all, the impact density:                                                  

 
Figure 4: Impact density for different cycles at low temperature 

and high temperature. 

Figure 4 shows that unblocked state is not so reliable as 

blocked. This is because once a particle unblocks, all its 

states are accessible and then it can behave as an effective-

spin particle, so unblocked state is not well defined. 

On the blocked plot, a reduction on impact density is 

observed. This is because non-normalized density is plotted. 

The reason for not plotting normalized density is because this 

way also the decrease of the population is shown. On the 

unblocked plot, decreasing is also occurring, but in this case, 

the effect of the temperature is higher. The higher maximum 

indicates that as more iterations are simulated, more particles 

exhibit unblocking behaviour. That's because every iteration 

is simulated at a lightly higher temperature than the previous 

one. 

One other interesting analysis is to examine if there's 

correlation between the impact height and the spin of the 

SDP. Otherwise, filtering would result in useless process. 

 
Figure 5: the graphic shows how the available impact heights 

depends on spin. 

As figure 5 shows, there is no bijective relationship 

between spin and impact height for unblocked particles. 

Despite this, it does show the tendency for the small spins to 

behave as an almost-zero effective spin. This again has to do 

with the lack of reliability of the unblocked state in front of 

the blocked one. So, in this experiment, filtering will only 

eliminate the smallest particles at low temperature. 

 
Figure 6: Evolution of the distribution with program iterations. 

Results make it possible to evaluate the assumed model. 

Once the impact height is known por each particle, its 

experimental effective spin value can be computed as the one 

needed for a perfectly blocked spin to deflect the same angle. 

Then, adjusting the function from eq. 2 the effective magnetic 

field can be calculated. 

Figure 7: Model evaluation and output data obtention. 

The adjustment offers a reasonable value for the effective 

magnetic field, 𝑏𝑧𝑒𝑓𝑓 = 2.8 ± 0.3 ·  10−24 𝐽 →   𝐵𝑧𝑒𝑓𝑓 = 𝑏𝑧𝑒𝑓𝑓𝜇𝐵·𝑔𝑠 =0.15 ± 0.02 𝑇, but as figure 7 shows, the behaviour of the SDP 

is not well reproduced. This tells us that probably the 

assumed model has some limitations. 

The effect of setting a uniform magnetic field is 

appreciated in the following plots: 

 
Figure 8: Evolution of the distribution with a constant magnetic 

field of B=2T applied. 
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Figure 9: Model evaluation with a constant magnetic field of 

B=2T applied. 

As figure 8 shows, the most highlighted effect of a 

uniform magnetic field is the filtering of high spin particles. 

This is because for a certain value of the magnetic field, the 

anisotropy barrier completely vanishes and the only stable 

state is the parallel one. So now, the smallest particles, which 

were previously unblocked, are now perfectly blocked on the 

parallel state as no other stable states are available. 

Figure 9 tells about how good the model is for a high 

magnetic field. Now the great thing is that both experiments 

can be combined. 

Now the great thing is that both experiments can be 

combined. One could perform the zero field cooled 

experiment in order to reject the smallest particles and then 

the field cooled experiment to refuse the largest ones. By 

simulating these experiments, the results shown on figure 10 

can be achieved. 

This figure is the evidence for the capability of the Stern-

Gerlach device to narrow an initial SDP distribution with 

realistic values of temperature and magnetic field.  

Zero standard deviation can be reached with this 

simulation, but it takes much time and the only benefit is 

knowing an approach of how many times the real experiment 

must be performed. 

 
Figure 10: Evolution of the distribution combining zero and field 

cooled experiments with a magnetic field of B=1T. 

IV. CONCLUSIONS 

As the results of the simulation shows, the Stern-Gerlach 

device can effectively be used to obtain the narrow 

distributions needed for many of the SDP’s applications with 

reasonable conditions. It is also observed that the effective 

spin model can reproduce well the behaviour of SDP at high 

magnetic field, but it has some limitations when trying to 

reproduce the unblocking behaviour at zero field. 

Finally, the program is designed to enable the 

participation of other effects, such as tunnel effect, so it is a 

good issue to investigate about because of the improvements 

that the real experiment can make in our current technology. 
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