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Abstract
The present text constitutes a master’s project report, supervised by and built upon the
work of Samuel Dingeman Slöetjes and Vassilios Kapaklis, which can be found as the
first referenced article of this text.1

In the article, the effect of temperature and confinement (given by the finite spatial
extension of the investigated nanoelement) on themagnetization dynamics of amagnetic
island is studied through the application of a stochastic magnetic field. A part of the
paper is devoted to a particular kind of low-frequency magnon existing only at the edges
of the element that exhibits stochastic fluctuations of the magnetization state between
two possible projection signs; the aim of the present work is to determine how these
edge modes interact with the spin waves that exist within the magnetic element.

The idea of departure is to isolate the edge modes to a certain extent in order to
filter out the influence of the magnon modes that exist in the central part or "body" of
the element, allowing in principle to pinpoint some features of the edge modes and the
nature of their interaction with the other magnons.

It is shown that the internal magnons do have an influence over the relaxation time of
the superparamagnetic fluctuations, making them less frequent. Several mechanisms of
probing the interaction are presented and verifiedwhile their differences are highlighted.
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Chapter 1

Introduction

1.1 Background
For a long time it has been known that certain materials with a spontaneous mag-
netization naturally occur, yet, it was not until recently that the quantum mechanical
understanding of physics explained where this property comes from: It is now known
that the magnetization of a material rises from the underlying alignment of spins in
matter due to exchange interaction between identical particles. Different materials were
then identified and classified depending on the degree and type of magnetic ordering
they present. Among these materials, there is a category for which the individual
magnetic moments are the most highly ordered: One in which the magnetic moments
align parallel to each other; these are what we call ferromagnets. The most ideal
model of a ferromagnetic system is a set of # spins located at the sites of a lattice
�, under the influence of a uniform magnetic field ®� = � ®4I . Taking into account the
quantummechanical exchange interaction1, the obtained Hamiltonian is the Heisenberg
ferromagnetic Hamiltonian:

�̂ = −1
2

∑
®', ®'′

(̂( ®') · (̂( ®'′)� ( ®' − ®'′) − 6`��
∑
®'

(̂I ( ®') (1.1)

where ∀ ®', ®'′ ∈ � ; � ( ®' − ®'′) ≥ 0 and � ( ®' − ®'′) = 〈Φ0Φ1 | �̂exch |Φ1Φ0〉 is the
exchange integral2. The expression readily gives rise to states presenting a spatially
correlated and time-evolving G$H projection of the spin, essentially creating "spin
waves" once a non-zero temperature is assumed. Assuming that the dispersion relation
of such waves is proportional to the square norm of the wavevector � ∝ :2, the
magnetization of a macroscopic material adopting these states is found to follow what

1Exchange interaction is a consequence of the spin-statistics theorem applied to the electrons (fermions)
in a material. We observe an effective "interaction" since no pair of electrons in the material are allowed to
be in the same quantum state.

2Particle 0 (resp. 1) being the particle at site ®' (resp. ®'′). �̂exch is naturally the exchange energy
operator.
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CHAPTER 1. INTRODUCTION 2

we call the Bloch)3/2 law, which states that the spontaneousmagnetizationmust deviate
from its saturation value #( by an amount proportional to )3/2:

" ()) = " (0)
1 −

+

#(
(:�))3/2

∫
3 ®@
(2c)3

exp
(

∑
®'

� ( ®') ( ®@ ·
®')2
2

 − 1

−1
(1.2)

where ®: = (:�))1/2 ®@, with ®: the spin waves’ wavevectors.2

In contrast with the latter important result, which applies to systems in the ther-
modynamic limit, another success in studying the magnetization of systems —now at
a mesoscopic level— is the discovery of the phenomenon of superparamagnetism by
Néel in 1949.3

In a nutshell: in a system composed of magnetic nanoparticles3, because of the
exchange interaction, a magnetic ordering is observed in the form of an alignment
that happens along one of the two possible anti-parallel orientations of what is called
the easy axis. Upon excitation over an energy barrier Δ� , the magnetization of a
nanoparticle in the system can switch its alignment into the second possible orientation
and vice-versa. Because of the small spatial extension and typically small mass of the
nanoparticles considered, the excitations necessary for the process to happen are of the
order of :�) . As a consequence, when such a system has a non-zero temperature, it
exhibits a non-vanishing probability of passing from one orientation to the other in a
finite amount of time g, called the relaxation time.4

+ ΔE = 
(a) Superparamagnetism. (b) Magnons

Figure 1.1: The two concepts that come into contact in this work.

The stochastic nature of the switching between the two states (positive or negative
projection) is intrinsically entangled to that of the thermal fluctuations in the system, as
a magnetization flip is triggered when the nanoparticle hops over the energy barrier, in
agreementwith the explanation of the superparamagnetic phenomenon. Unsurprisingly,
the incidence of these switching events is heavily dependent on the energy landscape,
and thus refers to transition state theory for an in-depth explanation. Yet, a useful first
approach to the question of the relaxation time is the Néel-Arrhenius equation:

g = g0 exp
(
Δ�

:�)

)
(1.3)

3By this, we mean small grains whose size depends on the condition that the ensemble of spins that
build up the grain constitute together a single magnetic domain. The size of the grain varies depending on
the material, but ranges in the order of tens to hundreds of nanometers.
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which gives the relaxation time g as a function of g0 = 1/a0 the inverse attempt
frequency4 and Δ� , the activation energy.

Naturally, once g is known for several values of temperature, the height of the energy
barrier can be determined by linearly fitting the logarithm of the inverse escape rate
against )−1:

ln g = ln g0 +
(
Δ�

:�

)
1
)

(1.4)

The concept of spinwaves, Bloch’s law and the phenomenon of superparamagnetism
compose the theoretical backbone of the present text. Not only does this work rely on
these theories, but also it has the purpose of highlighting a system where they overlap.

1.2 Model system
The model system of the present work is an ensemble of magnetic moments in the shape
of an elongated island —which we will call mesospin—. As observed previously,1 the
particular shape of this magnetic nanoelement gives rise to:

• An overall bent magnetization: C- and S-states.

• A low-frequency magnon mode that has a non-vanishing amplitude only at the
islands edges.

It is the latter of these that showcases the interest of both Néel’s superparam-
agnetism and the theory of magnons, as this low-frequency spin wave displays the
stochastic switchings Néel first described; concretely: by plotting the amplitude of
the H component of the spatially averaged magnetization of the edges against time i.e.
〈<H (C)〉edge, a random switching of the sign of this projection on top of the expected
precessional motion was detected c.f. figure 1.2.

When spin waves emerge in the thermally excited element, a spectrum of modes,
most of which occupy the entire extension of the mesospin, are let cohabit simulta-
neously within the element while influencing each other. The optimal way to closely
inspect the effect of inner magnon modes (IM) on edge modes (EM) would then be to
magnetically protect the latter modes from the internal ones by decoupling the edges
from the body of the mesospin. The decoupling procedure will be discussed in detail
in chapter 2.

As the title of this project is intended to suggest, the aim of the investigation is to
determine to what extent and in which ways, the IM-EM interaction influences the EM,
hence the approach described above.

4With a0 being commonly interpreted as the oscillation frequency of the systemnear the energyminimum.
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⟨my⟩ > 0

⟨my⟩ < 0

Switch

Precession

Precession

Switch
E

Figure 1.2: The mesospin and its edges (red). The spatially averaged magnetization of the edges
can switch between a positive (blue) or a negative (orange) H projection on top of its usual
precession.



Chapter 2

Method

2.1 Formalism and simulation
The study of the magnetization dynamics is carried out by numerically integrating the
Landau-Lifshitz-Gilbert equation (LLG) for the mesospin’s magnetization5,6

3 ®"
3C

= W
1

1 + U2
(
®" × ®�eff + U

(
®" ×

(
®" × ®�eff

)))
(LLG)

where W is the gyromagnetic ratio and U is the dimensionless Gilbert damping param-
eter. The well-known equation derives from a quantum mechanical description of the
precession of the magnetization in an effective magnetic field ®�eff:

®�eff = `
−1
0
m�

m ®"
(2.1)

The contributions to the energy density � come from the demagnetizing field (due
to the island’s elongated geometry), temperature and exchange. In order to account for
the experimentally observed decay of the precession, the phenomenological damping
U is added to the equation.5

The software of choice for simulating the mesospin is MuMax3, which is capable
of solving time- and space-dependent magnetization at micro and nanoscales. Thermal
fluctuations are calculated by means of a sixth order Runge-Kutta-Fehlberg solver using
adaptive time steps.

In order to solve theLLG for themesospin’smagnetization, the element is discretized
in 2.5nm × 2.5nm × 5.0nm cells along the G, H and I directions respectively. This
particular size ensures sufficient edge roundness, a high cut-off frequency and reliability
with respect to the effect of exchange interaction as the cell’s in-plane components are
smaller than the exchange length ℓex.

The magnetic constants of the mesospin are similar to those of permalloy (Py),
known for its highmagnetic susceptibility and low coercive field. Nomagnetocrystalline
anisotropy will be taken into account in the present work even though Py is known to
possess a very small one.7,8 These constants will thus be set at the following values:1

5
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Py
Saturation magnetization "B 106A/m

Exchange stiffness �ex 10−11J/m
Gilbert damping constant U 0.001

Table 2.1: Py’s magnetic constants.

MuMax3 allows us to implement the effects of exchange and shape anisotropy by the
inclusion of the effective magnetic field 2.1. Moreover, by introducing a magnetic field
whose nature mimics thermal excitations, we can effectively account for temperature
in the LLG. This effective thermogenic magnetic field (TGF) is required to comply
with temperature in randomness of both norm and direction, while also reflecting the
properties of the simulated material. More specifically, the following conditions are to
be fulfilled by the TGF:

〈 ®�Cℎ4A<8 (C)〉 = 0 (2.2a)

〈 ®�Cℎ4A<8 (0) · ®�Cℎ4A<9 (C)〉 = 2�X(C)X8 9 (2.2b)

Where 2.2a reflects the randomness of the field in time at the 8-th cell and 2.2b
reflects the TGF’s short time and space correlations, which in turn ensure the excitation
of all eigenmodes.9,10 Here � is the fluctuation power as obtained from fluctuation
dissipation theorem, X8 9 is the Kronecker symbol and X(C) is a Dirac delta function.

An expression for such a field was first introduced by Brown in 196311 and later
adapted to micromagnetic simulations. The obtained relation is:

`0 ®�Cℎ4A<8 = ®[8

√
2U:�)
"BW+ΔC

(2.3)

where [ is a vector whose norm and direction vary randomly, the first of which follows
a Gaußian distribution centered at 1. In equation 2.3, :� is naturally Boltzmann’s
constant, ) is the temperature, W is the gyromagnetic ratio, + is the cell volume and ΔC
is the time step.

As is well known in the field, micromagnetic simulations demand heavy processing
power, and even in the case of possessing such power may a simulation take a long
time to be fully executed. Not exempt of this drawback, the present work suffered
from sampling limitations arising from the fact that every thickness-temperature pair
could be solved at most once as calculation time often surpassed 48 hours, in a few
occasions even going above 72 hours for one unique barrier thickness. These sampling
limitations, however, do not change the conclusions of the study, since it is not from
the exact values of the Arrhenius parameters that the IM-EM interaction is probed, but
rather from their general tendencies, which is ultimately what physicists care the most
about.
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S1S2 S2

150nm

150nm

Figure 2.1: The geometry of the mesospin. S1 and S2 are represented on the left mesospin in
green and blue respectively. The thickness of the mesospin (along the I axis) is 5nm. On the
right, a magnon amplitude map of the 24.3GHz IM for S2.

2.2 The spin barriers
The mutual influence of IM and EM can be probed in a number of ways. Here, one
parameter is exploited in order to cause different effects on themesospin’smagnetization
dynamics. The parameter in question is the thickness of a region where the spins are
locked, and depending on its value, different effects on the IM-EM interaction are let
prevail.

As said before, whenever a region covering more than one exchange length ℓex
magnetically isolates two regions of the mesospin from one another, any evolution
of the magnetization occurring at one side of the barrier will not affect by exchange
interaction the magnetization of the other side, essentially making two independent
entities with respect to exchange. Moreover, if the barrier thickness were set to a high
value relative to the mesospin’s size, this can have an observable impact on the magnon
spectrum, as some of the modes are not compatible with the conditions imposed by the
barrier.

The way to lock the spins is to set the magnetization within a region—the barrier—
equal to "s and pointing it along the easy axis of the element; a procedure we call
"pinning". Using these facts, two mesospin barrier settings were thus tested within the
framework of this project; these will be referred to as setting 1 and 2 (S1 & S2). S1
consists of one single spin barrier �S1 contained between two parallel planes which
are in turn parallel to the H$I plane of figure 2.1, whereas S2 is composed of two
such barriers whose outer side is always separated from the center of the mesospin by
150nm, this means:

∀®A ∈ �S8 , 8 ∈ {1, 2}; ®<(®A) = "s ®4G

�S1 = {®A = (G, H, I) ∈ R3 ; |G | ≤ C} (2.4a)

�S2 = {®A = (G, H, I) ∈ R3 ; 150nm − C ≤ |G | ≤ 150nm} (2.4b)

where C ≥ 0 is the barrier’s thickness and ®4G is a unitary vector pointing in the G
direction.
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In order to understand the effect of this barrier on the edgemode’s intrinsic activation
energy and attempt frequency, several simulations corresponding to several values of C
and temperature ) were run using a 1`s time window and an interval of 0.1ns between
magnetization snapshots.

The study of the spectra, however, was conducted by simulating for a time window
of 10ns and a sampling frequency of 0.2THz yielding a frequency resolution of 0.1GHz.

Figure 2.2: An example of the obtained signal 〈<H (C)〉edge. True switching events are marked in
red.

Applying such barriers imposes a boundary condition that ultimately affects the
whole magnon spectrum. The first effect of this barrier is to reduce the number of
excitable eigenmodes, especially in the case of a wide barrier (see section 3.3).

In the case of the S1, the mechanism through which the effect of the IM is screened
consists of a significant reduction in the number of compatible spin waves when the
barrier is sufficiently thick compared to the mesospin’s central region, i.e. suppression
of magnon modes, whereas in the case of small C, the barrier serves only the purpose
of blocking magnon transport between the two sides.

In S2, the exchange interaction between what we consider the inner region and
the edges is suppressed. No magnon transport is allowed from the main body of the
mesospin towards the edges and vice-versa, effectively decoupling them.

2.3 Switching rate determination
Identification of switching eventswas not trivial and is still subject to deeper questioning;
as mentioned in chapter 1, the escape rate Γ = 1/g given by a mesospin-thickness
configuration depend largely on the spanned energy landscape —which is in this case
a double well— thus redirecting us to transition state theory, where the possibility of a
reverse transition —commonly known as back-hopping (BH)— is taken into account.
Hence, in order to correctly determine the transition rate within the mesospin’s double
well, BH events and true switching events must be distinguished. A true switching event
is characterized by the fact that the system stays in the target minimum until reaching
thermodynamic equilibrium. Letting Ceq be the minimal time required to reach thermal
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equilibrium, the condition for a sign switching of 〈<H (C)〉edge to be considered a true
switching event is that the function keeps a constant sign for at least Ceq after the sign
switch in question (see figure 2.3).

Figure 2.3: Three true switching events (red dots) among several BH events in the signal plotted
in figure 2.2

Even though a perfect determination of the minimal equilibrium time is beyond the
scope of this work, based on observations by Semenova et al.12 it is possible to consider
Ceq = 1ns an acceptable initial guess of the equilibrium time. The values taken by the
activation energy and attempt frequency follow from this fact.

It is also important to discuss the way the uncertainties over the relaxation times
were computed. Given a specific mesospin setting: ((U, ), C)1, the corresponding
relaxation time g was calculated to be the expectation value of the time elapsed between
two consecutive switching events, i.e. if g= is the time interval between the =-th and the
= + 1-th switching event, then

g =
1
#

#∑
==0

g= (2.5)

where # is naturally the number of detected true switching events. The error in the
estimation of g was simply set as the standard error of the set {g0, g1, . . . , g#−2, g#−1}:

Xg =
fg√
#

(2.6)

In order to minimize this error, the magnetization signals of the two edges were con-
catenated, obtaining thus an effective 2`s simulation time, assuming that the switching
events of each edge are not correlated to those of the other one.

1Number of barriers, temperature & thickness respectively.



Chapter 3

Results and interpretation

3.1 Response to varying barrier thickness
The system’s behaviour with respect to the strength of the IM-EM interaction was
probed by varying the barrier’s thickness. The Arrhenius-Néel law, equation 1.4, was
used as a means to determine the extent to which the switching rate is affected by the
interaction. Following the procedure described in section 1.1, the Arrhenius parameters
Δ� and a0 were found through linearly fitting ln g against 1/) as in equation 1.4.

Figure 3.1: Linear fit for ln g against 1/) for different S1 barrier thicknesses.
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Figure 3.2: Linear fit for ln g against 1/) for different S2 barrier thicknesses.

The next step was to determine the tendency followed by these two parameters with
respect to barrier thickness.

In spite of the effect of the limited sampling —the relatively big uncertainty—, a
decreasing tendency can be easily and without ambiguity be spotted when letting C vary
in a large range.

It is important to observe here that in both barrier settings the activation energy
decreases as barrier thickness increases, suggesting that an increased magnon interac-
tion between EM and IM reduces the switching rate. It is equally important to notice
that the existence of an energy barrier is inherent to the geometry of the mesospin, and
not a consequence of EM-IM interaction or even magnon transport between the two
sides of the mesospin. This is concluded from the fact that we observe a non-vanishing
activation energy at C = 300nm (see figure 3.3a) which is no other than the full central
region pinned, all internal magnons gone1.

Indeed, it is both the oblong shape and the curvature near the edges of the mesospin
that causes an energy barrier to arise. From the magnetization’s bending near the edges
of the element emerges the possibility of orienting the edge magnetic moments either
along the positive or the negative H direction. From that, it follows immediately that
in order to flip the direction of the moments’ orientation, a minimal energy is required,
hence the energy barrier existing regardless of the presence of IM.

Through linearly fitting and extrapolating the activation energy against thickness
plot, it was possible to find at C = 0 (at the no-barrier limit) a value close to that

1Observe that this is also the limit where S1 and S2 converge. The 300nm barrier in S1 is naturally the
same as the 150nm one of S2.
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(a) �0 (C) S1 (b) a0 (C) S1

(c) �0 (C) S2 (d) a0 (C) S2

Figure 3.3: Activation energies and attempt frequencies against barrier thickness for both barrier
settings.

obtained by directly simulating a non-pinned mesospin: �a = 57meV1 compared to the
extrapolated values of 62meV for S1 and 53meV for S2, i.e. a seven percent deviation
with respect to the directly estimated energy in both cases.

The thermalisation time criterion stated in section 2.3 proves insufficient beyond a
certain temperature threshold. Indeed, sufficiently energetic excitations induce more
frequent hopping between the two sides of the double well, regardless of the true or
BH nature of the jump. As switching events become frequent enough, the probability
of true switching events happening close to BH events gets higher, eventually making
it impossible to tell these two apart. Were the procedure from 2.3 applied at such high
temperatures, the number of detected true flips would be underestimated, yielding a
higher activation energy and thus presenting a deviation from the Arrhenius law. This
was in fact observed at all temperatures higher than 525K.
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3.2 Spectral density
A time-domain fast Fourier transform was performed in order to obtain the spectrum
of spin wave modes, this is, we passed from a time-dependent magnetization signal <C
to its different frequency components through the operation:

<8 (a) =
) −1∑
C=0

<8 (C)4−82caC/) (3.1)

where 8 ∈ {G, H, I} and ) is the simulation’s time window.
Following the FFT, the spectral density, which is defined as:

=(a) =
��〈<H (a)〉+ ��2 + |〈<I (a)〉+ |2 (3.2)

could be obtained too.
For the study of spectra, four simulations with different thermal seeds were run.

In these, the Fourier parameters listed in section 2.2 were used. The magnetization
vector of every mesospin cell was thus computed, and a FFT performed over the H and
I components respectively.

Figure 3.4: The BBSW (ma-
genta), which travel along the G
axis, are affected by the presence
of the S2 barriers, whereas the
SSW, which travel along the H di-
rection, are not disturbed by the
pinned regions.

Inspection of the mesospin’s spectral density 3.2
exposed a linear shift of the frequency of certain
modes with respect to changes in barrier thickness2.
The modes whose response corresponded to this cat-
egory were identified as backward volume spin waves
(BVSW), which means that these mode’s wavevector
®: is directed along the bias field, i.e. ®: = : ®4G . This
shift was observed to be more significant with respect
to changes in C for higher-frequency modes than for
lower ones.

Another kind of modes, those that were seen to
keep a fixed frequency regardless of the value of C,
must either be attributed the category of surface spin

waves (SSW) or that of EM. In the first of the cases meaning that their propagation
takes place perpendicularly to the bias field, i.e. for these modes ®: = : ®4H .

In figure 3.5a clear distinction of the two kinds of behaviour is displayed. The picture
can nevertheless bemisleading or incomplete in the sense that, since the spectral density
is calculated upon the average magnetization of the entire mesospin, modes with even
parity do not appear as they vanish upon averaging. The complete representation is
given by figure 3.6 below, where the two components are taken into account.

2This was easier to visualize when studying the H or I components of the magnetization separately.
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(a) (b)

Figure 3.5: (a) Logarithm of the I-axis spectral density =I = |〈<I (C)〉+ |2 as a function of four
different barrier thicknesses in the low-thickness region (S2) at 500K. Yellow lines: The shift
of BVSW. Blue lines: SSW/EM frequencies, persistent in all four thicknesses. Green circles
indicate the modes of highest energy. Notice that the 2.5GHz edge mode is not visible at this
temperature. (b) Magnon occupation numbers for the 22.5nm barrier in S2. The 2.5GHz edge
mode undergoes a noticeable population loss as the temperature increases.

(a) (b)

Figure 3.6: (a) Logarithmof the spectral density = as a function of four different barrier thicknesses
{7.5, 12.5, 17.5, 22.5}nm at 100K.

Even though this picture is strictly speaking more complete, it is of harder interpre-
tation. From these, it can be concluded that the 2.5GHz EM (the one involved in the
paramagnetic phenomenon) has a particularly high amplitude with respect to the rest
of modes in both S1 and S2. As expected, since the edges of the mesospin are always
exempt of an spin barrier, their size does not change, and thus the 2.5GHz EM is never
changed either; its frequency stays the same for all barrier settings and thicknesses.
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Inspection of the magnon occupation numbers (MON) � (�,)) allowed to explain
the absence of the 2.5GHz edge mode in figure 3.5a. This was achieved by using the
expression =(�,)) = � (�,))� (�,)), where � is the thermal distribution function.
Because of the bosonic nature of magnons, this function is known to be the Bose-
Einstein distribution function:

� (�,)) = 1
4 (�/:�) ) − 1

(3.3)

nevertheless, since themicromagnetic cell discretization is nothingmore than an average
over a very large ensemble of spins, the classical Rayleigh-Jeans distribution suffices
for the description:13

� (�,)) ∝ )
�

(3.4)

The MON (figure 3.5b) also led to the conclusion that the absence of the 2.5GHz
EM in 3.5a is a mere consequence of magnon population redistribution at higher
temperatures, since an analogous behaviourwas found for the unpinnedmesospin.1 This
implies that the depopulation of the 2.5GHz is independent of the IM-EM interaction.

(a) MON for S1. (b) MON for S2.

Figure 3.7: Magnon occupation numbers for S1 and S2 against temperature.

Apart from some frequency shifts and a difference in the width of the existing
gaps, a very similar behaviour is displayed for both barrier settings in the MON. More
interestingly, the behaviour of the edge mode is the same for S1, S2 and the unpinned
mesospin,1 confirming what was stated in the previous paragraph.
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3.3 Effect of spin barriers on magnons
In section 2.2 it was briefly stated that each spin barrier setting serves a different purpose
in probing the mutual influence of edge and inner magnons. In order to verify that this
goal was reached, analysis of those magnon modes that are compatible with each of the
settings was performed. This was in turn achieved both by mapping the amplitude of
the magnon modes in space, and by spatially integrating this amplitude in order to get
two representations.

As is common when analysing results, several other interesting observations on the
magnon modes followed along the way.

Figure 3.8: Amplitudemap of themesospinmagnonmodes against frequency at) = 100K. From
left to right: (S1, 7.5nm) (thin barrier setting), (S1, 75nm) (thick), (S2, 7.5nm) & no barrier.

Upon observation of the amplitude map of the spin-waves at ) = 100K (c.f. figure
3.8), it can be concluded that as expected, due to themore restrictive conditions imposed
by a thicker barrier, fewer modes populate the mesospin in this setting, accomplishing
the purpose of this particular barrier. The integral of S1 (fig. 3.9) confirms it by
showing as well a number of gaps, especially when compared to the original "unpinned"
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mesospin3.
The EM of interest was spotted for all settings at the same frequency of 2.5GHz.

Many higher-frequency EM can be identified especially in S2, since not only does S2
exchange-decouple edges from body in the mesospin, but also it forces all modes to
either be EM or IM.

(a) (S2, 7.5nm) . Top: EM integral of edge 1 and 2 in red and blue. Middle: IM integral. Bottom:
Frequencies of the integrals’ highest peaks.

(b) (S1, 75nm) . Top: Integration of modes on the right and left sides of the mesospin (blue and
red). Bottom: Frequencies of the integrals’ highest peaks.

Figure 3.9: Magnon amplitude integrals against frequency.

It was noticed that in S2 (fig. 3.9b) the EM are symmetric with respect to the edge
in which they are present, as we see the peaks of both edges overlapping for a large
number of frequencies. In contrast with this result, the two sides of the mesospin in S1,
even for the case of a thin barrier were not as symmetric. When coming back to the
difference in the amount # of true switching events on each edge Δ# , it was noticed

3See for example the region around 8GHz.
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that the amount varied around the tens and up to 28 from edge to edge in S14. Even
if the spectral asymmetry and the deviation Δ# from edge to edge can seem related at
first glance, the possibility is ruled out by the fact that Δ# was on average bigger for
S25, a setting with no evident spectral asymmetry.

Figure 3.10: Comparison of the amplitude integrals of the whole mesospin in S1, no barrier and
S2 respectively.

4All temperatures and thicknesses taken into account.
5Where it even went up to 47.



Chapter 4

Conclusion & further discussion

This project was a first step in unifying the frameworks of thermally excited magnons
and superparamagnetism. The focus of the study was in probing the IM-EM interaction,
which was the point of intersection of the two backbone concepts within the mesospin
—our model system—. In summary, the three presented mechanisms of probing had
similar effects on edge fluctuations1: It was shown that a decreased IM-EM interaction
reduced the relaxation time, stated otherwise, more interaction gave less frequent spin
flipping events. The most effective of the mechanisms in shortening the relaxation
time was the limit of all three, with an entire inner region pinned. As a by-product of
this analysis, the response of spin wave modes to changes in temperature and barrier
thickness was also found, with the most remarkable changes in the spectrum being the
temperature dependence of the MON and the frequency shifts that depended on the
nature of each mode.

This project in turn allowed for the introduction of fundamental concepts in the
theory of spin systems such as the Landau-Lifshitz-Gilbert equation, the Heisenberg
ferromagnetic Hamiltonian, the exchange and dipolar interactions among others. All of
these were brought together in a micromagnetic framework, in a study where tempera-
ture and modulation of magnon interaction played the biggest role.

The system’s intrinsic damping (c.f. section 2.1 for recall) provides further ways
in which the superparamagnetic fluctuations can potentially be studied. As evidenced
by the LLG equation, new parameters can give rise to a different behaviour of the
magnetization, opening thus a door towards a different approach into studying the IM-
EM interaction. It could be hypothesized now that since a higher damping reduces the
amplitude of the spin waves, an increase in the escape rate of the mesospin follows from
a higher damping regime.

As many of the possibilities offered by this model system remain unexploited, a
wide range of variables are to be explored in future works.

1As a reminder, these were: Suppression of body-edge exchange interaction, reduction of excitable
magnon modes and suppressed transport between edges.
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