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INTRODUCTION

Let us begin by asking ourselves the following question “Which of my activities
today involved some form of digital computing?” For most of us in the western
world, the answer will be along the lines of “A lot.” We probably have checked
our email before we ended up here. If we, for example, drive a modern car,
the navigation and many other “smart” features rely on integrated circuits
(ICs). Also, many devices like our televisions are equipped with ICs. Besides
the energy consumption of the integrated circuits in the device itself, it also
request computational power in data centres elsewhere. For instance, every
online search and video you watch require computational power of data centres.
It is estimated that the total information and communications technology
(ICT) ecosystem is responsible for 2 — 4% of global carbon emissions [7-10].
Moreover, it is very likely that this percentage will keep increasing in the
coming ten years [7-10].

To avoid the possible catastrophic consequences of climate change to the
habitability of our planet, all sectors of the global economy, including the ICT
sector should aim to reduce their carbon footprint. Without drastic changes
in legislation, the demand for computational tasks is expected to increase
strongly [7]. Given this fact, we should aim to lower, or at least cease the
increase, of carbon emission of the ICT sector by developing more efficient
technology.

Although large efforts are being made to make integrated circuits more ef-
ficient, current technologies are approaching fundamental constraints limiting

its further development [11]. A major problem in making these integrated
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Figure 1.1: Figure of a spin wave. It corresponds to the collective precession of spins
in which their phase difference is determined by the wavelength of the spin wave.

circuits more energy efficient is that electric currents induce joule-heating,
which converts part of the electric current into heat. This is an unwanted
byproduct that can be reduced but never completely circumvented. Histor-
ically, integrated circuits became more energy efficient by increasing the
density of transistors. Currently, however, the size of these electronic devices
can not simply be reduced much further and is plateauing [11] and hence their
energy consumption is. A possible way around this problem is to consider
devices that are fundamentally different from current devices and are thus
not susceptible to the same fundamental constraints.

One of the candidates for such a new generation of devices are spintronic
and magnonic devices [12, 13|. Here, spin waves rather than electrons are
used as information carriers. These spin waves, and their quanta called
magnons, are collective excitations that occur in ordered magnets, as shown
in Fig. 1.1. As information carriers, magnons have the advantages of low
power-consumption and efficient parallel data processing, as they do not give
rise to Joule heating. Moreover, they are useful for both classical information
processing, which includes logic gates [14, 15|, transistors [16-19] and diodes
[20], and for quantum science and technologies, including single-magnon
states, squeezed states and entanglement with other quantum platforms [21—
25].

A hurdle towards realizing magnon-based technology is the dissipation of
magnons which results from interactions of magnons with their environment,
such as conduction electrons, phonons and impurities. These interactions
dissipate the amplitude and coherence of magnon currents and are detri-
mental for efficient application of magnons in nanoscale spintronic devices.
Therefore, a central challenge in magnonics is to counteract the effect of
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magnon dissipation and to find reliable knobs to sustain the magnon current
for long-distance transport.

Furthermore, in order to combine magnonics with electronics the ability to
efficiently inject, detect and control magnons using electrical currents is crucial.
Coherent excitation of magnons typically uses alternating currents (AC) —
using for instance antennas —, while direct currents (DC) are usually used to
excite magnons diffusively using the spin Hall effect (SHE) to create a local
spin accumulation. Although excitation of coherent magnons with AC currents
is relatively straightforward, excitation of coherent magnons using DC currents
is usually more complex and relies on injection of angular momentum with
either spin-transfer-torque (STT) or spin-orbit-torque (SOT). Since efficient
excitation of magnons by electrical current is crucial to combine magnonic
devices with electronic devices, the ability to inject coherent magnons with
DC currents is significant towards the technological use of magnonics.

In this Thesis, we put forward new ideas to address these two central
questions. Namely, how does one extent the lifetime of, or amplify, magnons
and how can one coherently excite magnons using DC currents? Perhaps
surprisingly, most of the ideas developed in this Thesis draw inspiration from
the field of analogue gravity [26-29] — which tries to mimic quantum field
theories (QFTs) in curved spacetimes in the lab, with special attention to
analogue black-hole (BH) horizons. This is a vast field of research and we
will not try to capture all or even most of its details. Let us nonetheless try
to give some of the essentials for this Thesis.

There are a variety of physical systems in which their quasiparticles act as if
they live in a curved spacetime [26, 31-38|. In most of these systems, but not
necessarily all, this curvature stems from some form of flowing background
which Doppler shifts the dispersion of the excitations of the system. Since the
velocity profile — of for instance flowing water — is easily tunable, artificial
background curvatures such as the Schwarzschild metric near the horizon can
be achieved, see Fig. 1.2. And as a consequence, these analogue horizons should
also spontaneously emit pairs of particles, which, — with a bit of a stretch of
the word — in analogy to astronomical black holes can be called Hawking
radiation. The chance of measuring Hawking radiation in experiments with
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Point
of
NO return

Figure 1.2: An illustration of an analogue event horizon for fish in flowing water.
The water close to the waterfall flows much faster then the water far to the right of
the waterfall. Let us suppose the fish have a maximal speed at which they are able
to swim, which is slower than the flow velocity of the water close to the waterfall,
but faster than the flow of water far to the right of the waterfall. Then there exists
a point of no return for the fish. Once the fish has passed this point it is never able
to swim further upstream and hence has crossed the analogue event horizon. In
physical systems the fish are replaced by quasi particles. For dispersive systems we
abstract even further and define the analogue event horizon as the point beyond
which negative energy excitations exist. This illustration was taken from L. Susskind,
“Black holes and the information paradox,” Scientific American (1997).
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water however is rather small, since its Hawking temperature is approximately
3 x 107 Kelvin, which according to Unruh [26] “is a rather low temperature,
and is probably undetectable in the presence of turbulent instabilities, etc.,
which would arise in trying to drive the fluid transsonically through a small
nozzle. It is, however, a much simpler experimental task than creating a
10~8-cm black hole.” Recently, a direct measurement of Hawking radiation
has been claimed in flowing Bose-Einstein condensates [32].

Let us consider an observer of an astronomical black hole infinitely far from
the horizon. From this point of view, particles inside the horizon carry negative
energy, and one is thus unable to define a global vacuum state [39]. As a
consequence, quantum fluctuations create a thermal spectrum of spontaneous
emitted pairs of particles from the horizon — Hawking radiation — even if
nothing is moving towards the horizon. From the perspective of this Thesis,
this is the most essential ingredient for application of the ideas developed
within the analogue gravity community. Namely, that the non-existence of a
vacuum state and thus the existence of a region with energetically unstable
excitations, gives rise to novel phenomena. For instance, breaking local
Lorentz invariance, i.e. considering a non-linear dispersion, gives a non-thermal
spectrum of spontaneously emitted particles, but still gives spontaneous
emission. Throughout this Thesis, we further abstract the meaning of analogue
gravity in the sense that we disregard Lorentz invariance and hence have
no background metric to refer to. We do however rely on the existence of
negative energy excitations and their consequences, for instance superradiant
scattering [40]. As a final remark about analogue gravity, we like to mention
the idea, put forward by Corley and Jacobson [41], that a combination of
event horizons can be used as a laser. While they have shown that a slight
superluminal dispersion does not effect the Hawking spectrum of an analogue
BH horizon much [42], the inclusion a second analogue white-hole (WH)
horizon — the time reverse of a black hole horizon — changes this conclusion
drastically. When considering a bosonic theory, the negative energy excitations
between the horizons form closed orbits of specific frequencies and becomes
self amplified [41, 43, 44]. The title of their paper was “Black hole lasers”,
and forms the inspiration for Chapters 5 and 6.
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Since the contents of this Thesis, as you might have guessed, center around
the use of magnetic negative energy excitations to answer the questions, “how
does one extend the lifetime or amplify spin waves and how can one coherently
excite them using DC currents?”, we first need to get an understanding of
what spin waves are, what we precisely mean with magnetically ordered
materials, and how one can create long lived excitations that carry negative

magnetic energy.

1.1 THE FERROMAGNETIC PHASE TRANSITION

Throughout this Thesis, we work mostly on coherent spin transport in the
ferromagnetic state. Hence, a good starting point would be to question “what
characterises the ferromagnetic state?” Furthermore, we could take a step
back and ask the question, “what characterizes a magnetic state?” The answer
would be along the lines, “a material with a magnetic response.” This means
that the magnetic susceptibility is nonvanishing, i.e. 9M/OH # 0, with M
the magnetization of the material and H an external magnetic field. The
ferromagnetic state is a special magnetic state in the sense that it, below
a critical temperature T, — which is the Curie temperature —, acquires
a non-zero permanent magnetization which is not induced by an external
magnetic field. As a consequence, ferromagnets feel an attractive force in
the neighborhood of most other magnetic materials. From our experience in
day to day life this is also the most well known magnetic effect, of which a
common example is the refrigerator magnet.

The dominant mechanism responsible for magnetic structure is the ex-
change interaction. There are a variety of exchange mechanisms which lead to
a macroscopic magnetic structure, but we will not go into the different mech-
anisms here. What is important to know, however, is that, as a consequence
of the exchange interaction the magnitude of the magnetization at each unit
cell — this can be an atom or a group of atoms — is a conserved quantity
and it can furthermore create a non-vanishing macroscopic magnetization
at sufficiently low temperatures at zero field. Or to state it the other way

around, in a magnet the magnetization in each unit cell is conserved, which
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on the microscopic level stems from an exchange interaction. Hence, as we
will see later, the magnitude of the magnetization is set by strength of the
exchange interaction. In order to describe the ferromagnetic phase transition,
let us denote F7[M] the equilibrium free energy of the magnet in the absence
of an external magnetic field H. Since F, denotes the equilibrium free energy
it should be invariant under time reversal symmetry, i.e. Fr[-M] = F7[M]
— if we include an external magnetic field, invariance under time reversal
implies Fr,[-M, —H| = F,[M, H]. Furthermore, since the atomic exchange
interaction is largely independent of the total magnetic moment with respect
to the crystalline lattice, we assume the free energy to be independent of
the overall direction of the magnetization, i.e. FL[]H% M] = Fr[M], with % a
rotation matrix. By assuming M| and its gradients to be small around the
critical temperature, the Landau expansion of the free energy becomes [45,
46|

Fy[M] = / AV A(T)(9:M;)(9:M;) + a(T)M? + b(T)M?, (1.1)

where A(T), a(T) and b(T) are the Landau parameters that depend on tem-
perature 1. These constants stem from the microscopic exchange interaction,
in which A(T) characterizes the non-uniform energetic contribution. Above
the Curie temperature T, the magnetization should vanish, while below T, the
ferromagnetic phase acquires a finite magnetization. Furthermore, we assume
the ferromagnetic phase transition to be of second order. Since the free energy
should be minimized in thermal equilibrium and we expect the magnetization
to be uniform, we conclude a > 0 for T > T, and a < 0 for T' < T,. Thus,
above the Curie temperature the average magnetization vanishes M = 0.
Below the Curie temperature, minimization of the free energy on the other
hand gives

M| = \/a(T = T,)/26(T5). (1.2)

Hence, the Landau mean field theory predicts a square root decrease of
the magnetization as we approach the Curie temperature. In reality fluc-
tuations of the magnetization become strong around the magnetic phase
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transition and should thus be taken into account close to the critical temper-
ature. Self consistency implies that the above theory is valid if fluctuations
of the magnetization are smaller than the average value of the magnetiza-
tion, i.e. (M(x)M(x')) < (M). This is the Levanyuk-Ginzburg criterion
which states that the Landau theory is applicable for temperatures satisfying
|T — T.|/T, < 4b*/aA3 [45, 47, 48]. When approaching the critical tempera-
ture past the Ginzburg criterion a renormalization group analyses is necessary,
which is beyond the scope of this Thesis.

1.2 LOW ENERGY T < T. DYNAMICS OF MAGNETISM

In this section we are interested in weak excitations of the ferromagnetic
state. As mentioned before, these excitations are called spin waves, which
at the semi-classical level, describe precessing spins with a phase difference
corresponding to their wavelength. If the wavenumber k of the spin wave is
much larger than the lattice spacing, the spin wave dispersion w(k) may be
expressed in the phenomenological parameters that occur in the macroscopic

equations of the magnetic moments.

1.2.1 Non dissipative dynamics and the Landau Lifshitz equation

As it turns out, the minima in the free energy (1.1) are not unique. This
is the case, since the free energy is unchanged under rotations of the mag-
netic moment. The free energy namely has an O(3) symmetry which is
spontaneously broken by the finite magnetization |M| # 0 below the Curie
temperature. Hence, according to Goldstone’s theorem, sponteneous symme-
try breaking leads to gapless excitations for fluctuations in the direction of
the spontaneously broken symmetry group.

Thus, for temperatures far below the Curie temperature T' < T, we expect
the low energy dynamics to be dominated by these Goldstone modes, and



1.2 LOW ENERGY T« T, DYNAMICS OF MAGNETISM

hence the low energy equation of motion of the magnetic moment M should

conserve |[M|. We may thus write
OM/0t = Q x M, (1.3)

where (2 is the angular velocity of the precessing magnetization. Additionally,
the above equation of motion depends crucially on the assumption that the
timescale in which the magnetization relaxes back to thermal equilibrium
is much larger than the intrinsic timescale of precession of the magnetic
moment.

Our next task is to find what the angular velocity € would be. We proceed
as follows, up to lowest order in the dynamics, we ignore the dissipation
of energy relaxing the magnetization back to its equilibrium value. This
dissipation of energy of the precessing magnetization, or the work W needed
to bring the system in the out of equilibrium state, can be expressed as
follows

OE /ot = —0W /0t = —OF /ot (1.4)

Where the derivative of the free energy can be given by taking the functional

derivative w.r.t. the magnetization, i.e.
_OF ot = / AV g - (OM /1) — / AV Hag - (2 x M), (15)

with Heg = —dF/0M the effective field. Note, that the field Heg is only
nonvanishing out of equilibrium. Since we assume dissipation towards equi-
librium to be absent, we put 9F/0t = 0, which implies Q o Heg. Thus the

equation of motion, governing the magnetization precession becomes
OM /0t = constant x Heg x M. (1.6)

This describes a precession of the magnetic moment around the effective
magnetic field Heg where the precise angular velocity is still unknown.

In order to fix the remaining constant, we consider how the magnetization
precesses in the presence of an external magnetic field strength H. We
incorporate this in the following way. If we apply and external magnetic field
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to an macroscopic medium, the change in free energy will be given by [45,
49| dF = —SdT + [dV H - dB, with S the entropy, T the temperature,
B the magnetic induction and V the volume of the ferromagnet. Since we
want to consider an ensemble in which H is fixed rather than B, we need to
perform a Legendre transformation such that F=F-— f dV H - B. Hence,
the free energy density of F should satisfy dF’ /dH = —B. If we furthermore
note that B = po(H 4+ M) in a macroscopic medium, we find the free energy
containing H to be

F=Fy— /dV poH - M — poH?/2, (1.7)

with Fy the free energy defined in Eq. (1.1). Note, that the prescense of an
external magnetic field H in principle breaks the O(3) symmetry in F which
allows us to conserve |M|. On the other hand, we assume that the exchange
energy is the dominant energy scale of this problem and hence |M] is still
conserved by the low energy excitations and the above arguments still apply.
If we now consider the uniform precession of the magnetization in a static

external magnetic field we get
OM /0t = constant x poH x M. (1.8)

Since the above equation of motion should reduce to the precession of a
magnetic moment in an external magnetic field, the constant in the equation
of motion should be given by the gyromagnetic ratio v = gug/h = gle|/2m,
with pup the Bohr magneton, A Planck’s constant, e the electron charge, m
the electron mass and g the g-factor of the ferromagnet. The final equation
of motion that describes the precession of the magnetization is called the
Landau-Lifshitz equation (LL) and is given by [50]

OM /0t = vHeog x M. (1.9)

To conclude, the LL equation gives the precession of the magnetization around
the effective magnetic field in the absence of dissipation for temperatures far
below the Curie temperature.

Furthermore, in order to completely describe the dynamics of the magneti-
zation its magnetic dipole moment should also be taken into account. Thus,
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the magnetization dynamics should also satisfy the Maxwell equations. Since
the frequency of spin waves is typically small compared to the speed of light
times the wavenumber of spin waves w < ck, the dynamic components of
the Maxwell equations can be ignored and only the magnetostatic Maxwell
equations are important to form a complete set of equations describing spin
waves [49]

VxH=0, V-B=yuV- (H+M)=0. (1.10)

For both chapters in Part i we will consider both the LL equation and the
magnetostatic Maxwell equations. In Part ii, we will only take the static
contribution of the magnetostatic Maxwell equations into account. This
typically gives a shape anisotropy on the magnetization that can effectively
be incorporated in the free energy.

Let us finish this section by discussing the spectrum of low energy exci-
tations of the magnetization in ferromagnets, which are called spin waves.
The spectrum of spin waves in a macroscopic medium is described by small
fluctuations of the magnetization around the symmetry broken thermal equi-
librium state. The spin wave spectrum that is obtained by linearizing the LL

equation becomes
(k) = 2 A(T) MK + 0 HI. (1.11)

We thus find a quadratic dispersion with a gap set by the external magnetic
field. The latter is expected, since spin waves are predicted to be gapless in the
absence of an external magnetic field by Goldstone’s theorem. The inclusion
of the magnetostatic Maxwell equations leads to a geometry dependent spin
wave spectrum. We would like to refer the reader interested in the spin
wave spectrum with the inclusion of the magnetostatic Maxwell equation
to Chapters 2 and 3, in which we discuss the dipole-exchange spectrum in
ferromagnetic thin films. Next, we consider how the dissipation of energy
effects the LL equation.

11
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1.2.2  Dissipation of magnetic energy and damped precession

To phenomenologically include dissipation to the LL equation we follow the
argument presented by Gilbert [51]. In his 1955 article Gilbert argues that the
dissipation of energy can be implemented in a Lagrangian formulation of the
magnetization dynamics using the canonical form of the Rayleigh dissipation
functional. The Euler Lagrange equations of motion in the absence of Rayleigh
dissipation are given by

SL[M, M]/6M = 0. (1.12)
Here, the Lagrangian that describes the magnetization precession in Eq. (1.9)
is given by

L= /dV A(M) - OM/dt — F, (1.13)

where A is a vector potential defined by Vy x A(M) = M/~. Note that
this vector potential is not unique since it has a gauge degree of freedom,
meaning that one can add the divergence of a scalar function and obtain
the same equation of motion, i.e. A(M) — A(M) — VpMA(M) with A a
scalar function. The canonical way of including dissipation in the equation
of motion is by using a Rayleigh dissipation functional proportional to the
square of the velocity M of the field, i.e.

(8]
R:/dV OM /dt|? 1.14
27 |OM /0t | (1.14)

where « is the dimensionless Gilbert damping parameter. Additionally, the

Euler Lagrange equations of motion including Rayleigh dissipation are given

by

SL[M, M] N SR[M]
M M

Hence, the equation that describes the precession of the magnetization which

=0. (1.15)

dissipatively relaxes back to thermal equilibrium is called the Landau-Lifshitz-
Gilbert (LLG) equation and is according to Eq. (1.15) given by

oM o oM
I HagxM+ S Mx 28 1.1
i~ Ve X M My (1.16)
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This is the most important dynamical equation for the purpose of this Thesis
and will be used in each chapter.

As a final comment we would like to stress that the Rayleigh dissipation
function is a direct measure of the dissipation of energy of the magnetic
system. This can be seen as follows, the dissipation of energy according
to Egs. (1.15) and (1.16) is given by

_dF/dt = / AV M - (FR[M]/5M) = 2R[M]. (1.17)

Thus the dissipation function directly relates to the dissipation of energy for
quadratic velocities, which by the second law of thermodynamics should be
positive, i.e. a/y > 0.

The use of the Langrangian formalism with Rayleigh dissipation is equiva-
lent to the LLG equation and will appear once more in Chapter 6, since it is
more convenient to change coordinates in the Lagrangian formulation.

So far we have been discussing classical magnetization dynamics at the phe-
nomenological level. In the next section we discuss a widely used microscopic

model to describe magnetic ordering.

1.3 HEISENBERG MODEL AND THE CURIE TEMPERATURE

At low energies, excitations of electrons into higher electron shells are less
relevant and the electrons can be integrated out to give an effective Hamilto-
nian in terms of only the total spin of the atoms — or group of atoms [52-55].
Here, we take into account exchange interactions, which gives the ground
state total spin at each lattice site, but also gives an interaction between the
relative orientations of the spins. We furthermore consider the interaction of
the magnetic dipole of the spin with an external magnetic field. We will thus

consider the Hamiltonian
H = *ZJijSi'Sj*Z’YMOH'Sh (1.18)
i, i
where J;; is the exchange integral, S, the spin operator at lattice site ¢ and H
the external magnetic field. The Hamiltonian presented in Eq. (1.18) is called

13
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the Heisenberg Hamiltonian and gives an effective microscopic low energy
description of magnetic ordering. In principle we should also include the
energetic contribution of the dipole-dipole interaction between the spins, but
we ignore them for the moment — claiming that the exchange is the dominant
energy scale to determine for instance the Curie temperature. Additionally,
the exchange interaction between spins drops of quite rapidly and hence
considering the exchange integral as a local interaction is reasonable. We
thus consider the exchange integral to be local and isotropic, which means
that we consider the sum in Eq. (1.18) to only sum over nearest neighbours
with an exchange integral of magnitude J. The isotropic assumption is also
well justified since the exchange interaction is rotationally invariant up to
lowest order in spin-orbit coupling. Under these assumptions, this model
shows ferromagnetic order if J > 0 and antiferromagnetic order for J < 0.

Before we discuss the Curie temperature and the elementary excitations
of this model, let us briefly consider the Heisenberg equation of motion for
the uniform spin mode, expressed in its magnetic moment M = —n’yS. Here,
n is the atomic density, v = gup/h = gle|/2m the gyromagnetic ratio, g
the g-factor and up the Bohr magneton. The Heisenberg equation of motion
expressed in terms of the magnetic moment becomes

oM 1. .
T -~ Im } = Yo x M 1.19
ot ih [ 7H YHO X ) ( )
which has the operator form of the phenomenologically derived LL equation

in Eq. (1.9).

1.3.1 The Curie temperature in terms of the exchange coupling

Below we approximate the Curie temperature of this model in terms of the
exchange integral J;;. Since the Curie temperature is defined at vanishing
external field we disregard the external magnetic field H and solely consider
the exchange interaction. Again, we assume the exchange integral is isotropic,
thus invariant under global spin rotations and invariant under translations

of the lattice. Furthermore, we take into account only the nearest neighbour
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interactions between the spins. We thus consider the following Heisenberg

Hamiltonian

H=-J> S-S (1.20)
(i,)
with J > 0 and (7, j) displays the sum over nearest neighbours.

We proceed by simplifying Eq. (1.20) using the mean field approximation
S, - Sj ~8;- (SJ) +(S;) - Sj —(S;)- <Sj> As we have seen in Section 1.1, the
Curie temperature is determined by the constants a(7") and b(T") in Eq. (1.1),
which both characterise uniform configurations of the magnetization. Hence,
only the zero wavevector mode in the Fourier transformation of the spin is of

interest to determine the Curie temperature. We may thus assume
(Si) = (So). (1.21)

Note that we should include nonzero wavevectors if we want describe nonuni-
form excitations in the magnet and thus find A(T). In this mean field ap-

proximation the Hamiltonian becomes
Hur = (J2V/2)(S0)? — J= Z<So> S, (1.22)
i
with z the amount of nearest neighbours and V' is the volume of the mag-

net. The partition function corresponding to mean field Hamiltonian (1.22)
becomes

Z = Trexp (— BJ22V<SO>2 + pJz Z(So> . SZ> , (1.23)

i

in which 8 = 1/kgT, with kp Boltzmann’s constant and T' the temperature.
The trace in the above partition function runs over the spin eigenstates with
spin S and quantization axis (Sg). The free energy of this model can now be

expressed in terms of the partition function via ' = —3~!log Z, which gives
F = Fy+ J2V(S0)?/2 — B~V log Zo({So)), (1.24)

with Fj the spin independent part of the free energy and Zy((Sp)) =
Zgzzfs exp( — BJ2<50>hSZ), the single spin partition function. This is

15
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a geometric series for which the solution, for general spin S, is given by
Zo((So)) = sinh(SJzh{So)(S + 1/2))/ sinh(5Jzh({Sp)/2). We may re-express
the averaged spin in terms of its magnetic moment M = —n~y(Sp) and as-
sume the magnetic moment to be small |[M| < 1 near the phase transition.

Henceforth the approximate free energy density becomes

J
FIV =RV + 6T2zy2 (3 —S(S + 1)5th2> M? + O(M?). (1.25)
We thus find a(T) « 3 — 8S(S + 1).Jzh? in terms of the Landau free energy

parameters, and as a result, the corresponding Curie temperature is
T.=S5(S+1)Jzh?/3kp. (1.26)

In conclusion, we approximated the Curie temperature of the microscopic
Heisenberg model using mean field theory. We found this temperature to
scale proportional to the zero temperature exchange interaction between
neighbouring spins. In principle one can derive the free energy functional from
the ground up using microscopic models. Throughout this Thesis, however,
we use a more phenomenological approach and take the parameters in the

free energy as material parameters which are given by experiment.

1.3.2  Magnetization dynamics and the total magnetization at low tempera-

tures

In this section we discuss the low energy excitations of the ferromagnetic
Heisenberg model in Eq. (1.18). These excitations are magnons which are
the quanta of spin waves. But, let us begin by describing the ground state
of the Heisenberg model. In order to do so it is convenient to rewrite the
Heisenberg Hamiltonian in terms of the spin raising and lowering operators
S+ = §% +18Y, which satisfy the following commutations relations

[stﬂ — +hS*, [StS‘] — 918", (1.27)

As a result, ST raises the spin by A on the z axis, while S~ lowers the spin by A
along the z axis, i.e. 57|S%) = hS?, S*|S%) = h\/S(S + 1) — S7(S* £ 1)|5*+
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1), with |S#) shorthand for |S,S%) where S is the total spin at each lattice
site and 5% the eigenvalue of the z axis projection of the spin operator. When
we express the Heisenberg Hamiltonian in the raising and lowering operators

we find
J Gz &z o+ §— o— o+ Oz
H= —52252. S:+ ST+ 878 = yuHS; (1.28)
(4,3 @
The ground state |0) of this Hamiltonian will thus be the state with the
maximal spin projection of ASN in the z direction, with N = V/a? the total

number of spins, V' the volume of the magnet and a? the volume of one unit cell.

This state has a ground state energy given by hwy = —Jzh%2S?N —yuoHRSN,
with z the number of nearest neighbours.

We expect the low energy excitations to lower the total spin of the projection
along z of the ground state by h, such that total spin projection of this
state becomes A(SN — 1). Furthermore, if we find an operator such that its

commutation relation with the Hamiltonian satisfies
(’;LZ - hw()) $-10) = [’H S**} 10) = hwS|0), (1.29)

then S~ |0) would be an eigenstate of H. This state should furthermore satisfy
> 528710y = A(SN — 1) since it creates an excitation with spin i. We will
thus search for an operator that satisfies condition (1.29) and lowers the spin
projection in the z direction by A. This operator can not be S”Z_ , since the
Heisenberg Hamiltonian is translationally invariant. We thus consider its
Fourier transform as ansatz

Ul[0) = h1(28)7 28, (0) = AH(2SN) T2 Tk Ti0),  (1.30)

17
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where we divided S’; by hv2S to obtain the normalized state \IIL|O), ie.
<O|\i’k\ﬂ{|0> = 1. With this ansatz the commutator of \i/;r( with the Hamiltonian

acting on the ground state becomes

(%2 - hwo) Wl j0) = [H @L] 0) = h (25N) /2 Y el [H, 5—} 10)

—2J(25N) Y2y ek (é;é; - S;S;) 10)
(i)
+yuoH(2SN) /2 ) " e riS o)

—2JRS(25N) 723 T (S7 = §7) (0) + hyuo H WL J0)
(@)

=h [2715 Z Jsin? (k-a/2) + ’YMOH] @L|O>
—hw (k)W [0). (1.31)

Hence, \i/lUO> is an eigenstate of the Heisenberg Hamiltonian with excitation
energy hw(k) and a spin of h. In the above we defined a = r; — r; as
the spatial difference between nearest neighbours and we furthermore used
§Z|0> = hS. We thus find the exact dispersion relation for magnons to be
w(k) =2n8Y", Jsin? (k-a/2) + yuoH. In the long wavelength limit ka < 1
— where a is the lattice spacing — this magnon dispersion relation in a simple

cubic lattice becomes
w(k) ~ hiSa*Jk* 4+ yuoH. (1.32)

Comparing this long wavelength dispersion with the phenomenologically
obtained spin wave dispersion in Eq. (1.11) we find A(T — 0) = a®>T%.J/272,
with d the number of spatial dimensions of the magnet.

For temperatures that are low compared to the atomic total spin — kT <
h?S.J — only relatively few magnons are excited and the total spin projection
should still be close to ASN. In this case magnons are approximately bosons,
since the commutation relation of the magnon creation and annihilation
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operators — which are the spin raising and lowering operators over hv/2S —

is approximately
[‘i’k,‘i/L/] ~ O (1.33)

which is a bosonic commutation relation and this equality does not hold
at high temperatures when a lot of magnon states are occupied. Note that
the temperature range of validity becomes larger as the spin per unit cell
increases. Thus in large-spin ferromagnets, magnons are bosons for most
purposes. Hence, at low temperatures the amount of magnons should be given
by the Bose distribution

np(k) = 1/~ _ 1), (1.34)

with 8 = 1/kgT. By noticing that the dispersion of occupied magnons is ap-
proximately quadratic at low temperatures and by ignoring the external mag-
netic field, we find the total decrease in magnetization in a three dimensional
ferromagnet, due to occupation of magnons, to be proportional to nmagnons =
/ (2(17:‘)3 np(k) = 47rf 3k2nB (k) =T32 x 4r [ (23:1)3 (T'/2g). Thus in
the low temperature hmlt the magnetization decreases as

M(T) = M(0) (1 — constant x T3/2> , (1.35)

which is known as Bloch’s law [56].

To conclude this section, we have derived the low energy magnetic ex-
citations for the ferromagnetic Heisenberg model. We have found that the
elementary excitations of the ferromagnetic Heisenberg model — called
magnons — have a quadratic in k dispersion and have a spin of . And we
found that these magnons behave like bosons at sufficiently low temperatures
compared to the spin of the atoms. In Section 1.5.6, we will use an alternative
method called the Holstein-Primakoff approximation to approximate the
Heisenberg Hamiltonian and hence the magnon dispersion. In this formalism
the connection between the bosonic nature of magnons and the magnitude of
the atomic spin is more apparent. But before we end there, we first discuss

different methods to inject angular momentum into magnetic materials.
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1.4 SPIN INJECTION

Throughout this Thesis we propose applications to inject and amplify spin
waves — or magnons — using the existence of negative magnetic energy
excitations. Before we can exploit such excitations, we first need to know how
one can create such excitations in a way that they are long lived. Usually,
negative energy excitations signal an instability if the system is allowed to
dissipate or redistribute its energy. As a result, such systems will reach a new
ground state after some time and the concept of negative energy excitations
is only relevant on timescales much smaller than the timescale in which
the system reaches a new ground state. Things change drastically however,
if we consider non-equilibrium magnetization dynamics. The inclusion of
angular momentum injection into the magnetic may namely reverse the sign
of the magnetic damping, making magnetic energetically unstable excitations
dynamically stable. Hence, one can engineer a ground state in which long-lived
dynamically stable negative energy excitations exist, and as a consequence,
the magnetic system is dynamically not allowed to reach its energetic ground
state. We will treat these cases in more detail in Section 1.5, but let us first
focus on the two methods to inject angular momentum into magnetic systems
that will be employed in this Thesis.

1.4.1  Spin transfer torques in a magnetic continuum

Spin transfer torques are torques on the magnetization that occur in metallic
ferromagnets if an electric current is applied. This current has the property
that it is spin-polarized in metallic ferromagnets which leads to torques on the
magnetic texture by conservation of angular momentum. The polarization of
the current stems from the microscopic details by which the magnetization is
formed in metallic ferromagnets. In short, the exchange interaction that leads
to the spontaneous ferromagnetic state creates a spin-splitting of the electron
conduction bands. As a result, the spin-up and spin-down electron bands are

shifted and typically have a different density of states at the Fermi-energy.
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This leads to uneven charge transport of the spin-up and spin-down states
and hence a spin polarized current.

Let us consider the case in which we have a spin-polarized current j, where
« denotes the direction of the spin polarization. A common assumption is
that the quantization axis of the spin polarized current follows that of the
magnetization profile in the ferromagnet, i.e. the spin-polarized current in
units of angular momentum per surface area per second is expressed as

gupP
_ 2ol M, (1.36)
S

Ja

with pp the Bohr magneton, g the g-factor of the electron, e the electron
charge, P = (04 — 0})/(04 + o) the spin polarization with o4 the con-
ductivity of the respective spin along the —M direction and M, = |M]| the
saturation magnetization. In the presence of a slowly varying magnetic profile
— compared to the electron mean free path — the electron spin changes
quantization axis and hence by conservation of angular momentum should

exert a torque on the magnetization given by [57-59|
OMalSTT adiabatic = =V *Ja = —Vs - VM, (1.37)

with vy = —gupPj/2|e|Ms the spin-drift velocity. The above formula can be
interpreted as follows. Consider a unit cell of volume a® with a total magneti-
zation M;. The change in the direction magnetic moment of the electrons
per unit cell is a®V - j,, hence it exerts a torque on the magnetization of the
opposite sign —a®V - j,. The phenomenologically derived torque in Eq. (1.37)
is called the adiabatic spin-transfer torque (STT).

In the derivation of the adiabatic STT we neglected all processes that
relax spin, and a gradient expansion shows that STTs may also induce the

dissipative torque
atMa‘STT non—adiabatic — (/B/MS)M X (Vs . V)M7 (138)

with 8 the dimensionless constant characterizing this dissipative torque on
the magnetization. In the literature this torque is called the non-adiabatic
STT. Furthermore, microscopic calculations show the order of magnitude of
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the dimensionless parameter 8 to be comparable to that of Gilbert damping
B ~ a ~ 1072 [58], where we used that a ~ 1072 for typical metallic
ferromagnets. In Chapter 2 we show that there exist regimes in which the
non-adiabatic STT can stabilize negative energy excitations induced by the
adiabatic STT. It does so by effectively reversing the sign of the damping.

1.4.2  Spin orbit torques

Another way of injecting angular momentum into the magnetic sample is by
using spin-orbit torques (SOTs). SOTs can be used to inject angular momen-
tum into the magnetic layer of magnetic heterostructures by using a charge
current parallel to the interface between the layers. These heterostructures
typically consist of a non-magnetic conducting layer with strong spin-orbit
coupling and a magnetic — in our case ferromagnetic — layer on top. These
setups are more versatile compared to the STT, since the magnetic layer
is allowed to be insulating. This allows one to use low magnetic damping
materials like the magnetic insulator yttrium-iron-garnet (YIG).

The generation of a torque in the magnetic layer is realized as follows.
If we apply an electric field over the metallic layer it generates an electric
current. This current gets partially converted into a spin current perpendicular
to the direction of the electric current via the spin-Hall effect (SHE). The
generation of the spin current in the SHE is due to an asymmetrical deflection
of spin induced by spin-orbit coupling!— which couples the electron spin
to its orbital degree of freedom. This would describe the spin current if no
boundaries are present. In heterostructures the spin current is flowing towards
the interface of the conductor with the magnet. Not all the spin current is
able to pass the interface and part of the spin accumulates, which is called
the spin accumulation. The part of the spin current that can pass through

Most models that consider the SHE restrict to the geometry of a two-dimensional electron
gas (2DEG), in which the electrons are for instance only able to move in the let’s say
(z,y) plane. Typically, the spin polarized current generated by SHE in such a geometry
is characterised by jo o (¢ X j)Ca, where j is current density and ¢ = (2 x j/|j|) the

spin-polarization axis.
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the interface into the magnet depends on the configuration of the magnet
and on the spin accumulation. A long story short, the effective spin current
through the interface is proportional to the torque on the magnetization, and
is given by [60, 61|

. . _ gpsnfsn

8tMa‘SH dampinglike = % * Ja = TJ\MM X [M X (2 X j)”a, (1-39)

where pp is the Bohr magneton, g the g-factor of the electron, n gives
the efficiency of the interface, d the thickness of the magnetic layer and
Osy = osp/o the dimensionless spin-Hall angle, with ogy the spin-Hall
conductivity and o the conductivity of the conducting layer. Thus Eq. (1.39)
gives a dissipative torque on the magnetization due to injection of angular
momentum into the magnetic layer, and is referred to in literature as the
damping-like torque.

For completeness, we discuss another torque on the magnetization that is
induced by an electric current in such heterostructures. Namely the field like

torque
IHMsH fieldlike ¢ M X (£ X j). (1.40)

This torque is due to interaction of the magnetization with spin density
created by the SHE at the interface of the layers. This torque describes a shift
in the effective magnetic field and for that reason is called the field-like torque
Since the field-like torque is often rather small compared to the effective
magnetic field we neglect it in the remainder of this Thesis. The damping-like
torque on the other hand competes with the dissipation of magnetic energy
which is approximately related to the effective field via the Gilbert damping
constant a which is a much smaller quantity to compete with. For sufficiently
strong charge currents, SOTs may be used to effectively reverse the sign of
the damping — which only the damping-like torque is capable of.

In the next sections we discuss how one can create long lived negative
energy excitations with the use of SOTs. Furthermore, we discuss how these
excitations are fundamentally different from positive energy excitations and

cover some of the formalism necessary to treat them.
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1.5 LOW ENERGY EXCITATIONS ON MAGNETICALLY STABLE AND
MAGNETICALLY UNSTABLE GROUND STATES

In the sections below, we formally introduce magnons as excitations on
energetically stable ground states and introduce the concept of antimagnons —
which are excitations that occur in magnetically unstable ground states. While
some of this discussion is well-known in the field of analogue gravity [27-29], it
may not be familiar to researchers working in other fields of research. Because
of this, we try to be detailed and complete in what follows. Moreover, while
touching on treatments that have been presented in the field of analogue
gravity, the discussion that follows adds the specific details for magnetic
systems, such as the various magnetic interactions, damping, and spin currents.
We also note that the while in the first instance this discussion is fully based on
the Landau-Lifshitz-Gilbert (LLG) equation, it also sets the stage for quantum
effects that are beyond the LLG equation. For readers who wish to skip these
details, we give here a brief summary: We discuss how the LLG equation
yields an eigenvalue problem that is well-known in the Bogoliubov theory of
excitations in superfluids, and which leads to the introduction of a specific
conserved norm. This eigenvalue problem yields pairs of eigenfrequencies of
which the eigenmodes have opposite norm and which physically correspond
to the same excitation. Because of this doubling, it is sufficient to consider
only positive or negative frequencies.

For linearization around the true magnetic ground state — referred to as
the energetically-stable situation — the positive-norm modes have positive
frequencies, while the negative-norm modes have negative frequencies. Upon
quantization, we are left with excitations that correspond to magnons, either
with positive norm and positive frequency or with negative norm and negative
frequency. Typically, one restricts oneself to positive frequencies and therefore
one does not need to introduce the negative-norm states.

The situation changes if one considers excitations on top of a state that
is not the magnetic ground state, which we refer to as the energetically
unstable situation. In this case, there may be positive-norm states with
negative frequency, and negative-norm states with positive frequency. Re-
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stricting oneself again to positive frequencies, one now has to consider the
negative-norm states with positive frequencies. We define these excitations
to be antimagnons, as they carry opposite spin to magnons and physically
correspond to negative-energy excitations. This is because the system is now
linearized around an energetically-unstable state, and the excitation lowers
the total energy.

Adding any amount of dissipation would normally make the energetically-
unstable situation dynamically unstable as well: because the environment is
able to dissipate energy, the system dynamically evolves to its true ground
state. The energetically-unstable situation may be made dynamically stable
by external pumping that effectively reverses the sign of the damping. Below
we discuss in detail the example of how this may be achieved by spin-orbit
torque. Once the energetically-unstable state is dynamically stabilized it yields
stable antimagnon excitations that may be coupled to magnons. Examples of

the physics that results from this coupling are discussed in Part ii.

1.5.1 Preliminaries

We consider an insulating ferromagnetic (FM) thin film with hard-axis
anisotropy in the y-direction adjacent to a heavy-metal layer (HM), as shown
in Fig. 1.3. Furthermore, we consider an external magnetic field in the z
-direction. The discussion below may be easily generalized to other examples
of magnetic anisotropies and fields. Far below the Curie temperature, the
dynamics is well described by the LLG equation for the direction n = M/|M]|
of the magnetization with spin-orbit torques (SOT),

on on R
E:—vnxheffqtanxaqtt]snxzxn, (1.41)
with v the gyromagnetic ratio, a the Gilbert damping and Js the strength of
SOTs generated by the spin current which depends on the current flowing in

the HM layer, the spin Hall angle of the HM and the properties of the interface.
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Figure 1.3: Scheme of a magnetic thin film adjacent to a heavy metal layer with
magnetization parallel (a) and antiparallel (b) to the external field. The bottom
panel shows the corresponding dispersion relations of magnetic excitations. The
configuration in (a) corresponds to the energetically stable ground state and hence the
dispersion in (b) is the usual spin wave dispersion. On the other hand, configuration
(c) gives an energetically unstable situation, which is stabilized by SOT. As a result,
the spin-wave dispersion in (d) has negative energy excitations.
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The above equation describes damped precession around the effective magnetic
field heg = —0E/(Myon), with M, the saturation magnetization and

1

the magnetic energy functional of this set-up. In the above A is the exchange
stiffness, H, is the external magnetic field strength, g is the vacuum perme-
ability with K the anisotropy, which may be caused by magnetocrystalline
anisotropy or dipolar interactions.

We introduce spin waves as linearized dynamical fluctuations on top of
the static magnetization. As discussed, we consider the static magnetization
to be either in the direction of the external magnetic field or opposite to it,
i.e. ng = +2. The former (ny = 2) corresponds to the energetically stable
configuration whereas the latter (ng = —Z) corresponds to the energetically
unstable configuration. We proceed by introducing the complex field ¥ =
(1/v/2) (é1 +ié2) - n, with é; x é3 = ng. For convenience we consider é; = &,
which automatically gives é; = F¢. When linearizing the LLG equation (5.2)
in 0n1, 6ng, according to n = ng + (ény, dng,0)7, it is recast as a Bogoliubov-
de-Gennes like equation

i(1+1i v v
M = (Ls +il,1) , (1.43)
’YMOMS \IJ* \IJ*
with
Ly =(ALh—A*V?) o, +iAoy. (1.44)

In the above, o, . are the Pauli matrices and 1 is the 2 x 2 identity matrix,
A= \/m the exchange length, h = He/M; the dimensionless external
magnetic field, A = K/2uoM?2 = 1/2 the dimensionless anisotropy constant
and Is = Jg/vupMs the dimensionless SOT.
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1.5.2  Symmetries and the conserved norm of the equation of motion

We write the complex wavefunction ¥ in terms of Bogoliubov modes
U(x,t) = u(x)e M 4+ v*(x)eM'? (1.45)

and, for later convenience, we define the dimensionless frequency w =
A/vpoMs. At this point we make several observations. First of all, the dis-
sipationless limit of Eq. (1.43) (a = I; = 0) is pseudo-Hermitian, in other

words
0. Lo, = L. (1.46)

A consequence of this statement is that the inner product (¥, ¥') = (U0, |¥') =

[ dV [u*(x)u'(x) — v*(x)v'(x)] and hence the non-positive definite magnon

norm
9l = (o) = [ av (jul? - o). (147
is conserved in the dissipationless limit. Secondly, Eq. (1.43) has the additional
symmetry
(Lt +iaw* o, + il )0, = —(L4 — iawo, +1i,1)". (1.48)

This implies that if w is an eigenfrequency of Eq. (1.43) with eigenmode
(u U)T, then —w™* is an eigenfrequency with eigenmode (v* u*)T. These
two modes have opposite norm by construction. Hence, the two branches
of Eq. (1.43) are related to each other via particle-hole symmetry. In our
magnetic system, this doubling is not physical, but merely a result of our
choice to describe spin waves using complex scalar fields. Hence, in order to
determine the full dynamics of the system it is sufficient to consider w > 0
and take into account the norm of different modes. As we see later, the
sign of the norm in Eq. (1.47) describes whether we work with magnon or

antimagnon commutation relations.
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1.5.3  Spin waves, again

The ground state corresponds to ng = 2. Because of translation invariance,
we introduce spin-wave modes as the Fourier modes of u(x) and v(x) in the
linearized LLG equation (5.2)-around the +2 direction. Up to first order
in dissipative terms « and I, these spin wave solutions have the following
dispersion relation

we = wp —1(a[A+h+ Ak - 1,), (1.49)

with w = A/yuoMs the dimensionless frequency and

o) = [kl (A + b+ A282)° — A2, (1.50)

the real part of the dispersion relation in which || U || = £1 is the norm of the
modes. In Fig. 1.3(b) we show the real part of the dispersion relation, where
the red curve corresponds to the positive norm mode and the blue curve
corresponds to the negative norm mode. From the stability requirement we
discussed in this section we find that the ground state is stable if I/ < [A+h].
Hence, the ground state becomes unstable if it is driven sufficiently strong
such that the SOT overcompensates the damping. This is well known to
happen in spin-torque-oscillators.

The energy functional (1.42) for spin-wave excitations per definition gives
us

1
E= §<\II|O'Z£+‘\I/>. (1.51)
By expanding |¥) = )", ax| V) in spin-wave eigenmodes, we find
1
E=; %: afar(U|o. Lo |Wy) (1.52)

1 *
=5 > a0 Uy )w)
Lk

1
= 5 2 larl Wt
k



30

INTRODUCTION

Thus, the contribution of the spin-wave modes to the energy is given by
| [lw?. Hence, one may choose to work with the positive-norm modes which
have positive frequency and the excitation of which leads to an increase of
energy. Alternatively, one may work with negative-energy modes with negative
frequency, the excitation of which also lead to an increase in energy. The former
choice is the conventional one and, upon quantization, leads to conventional
magnons. Choosing to restrict oneself to negative frequency would lead to
the same magnonic excitations after a particle-hole transformation, but is
an unnecessary complication. This, however, changes when one considers

spin-wave excitations on top of an energetically-unstable state.

1.5.4  Spin-wave excitations around an inverted ground state

Now, we consider spin waves on top of the energetically-unstable configuration
in which the static magnetization is pointing opposite to the external magnetic
field, i.e. ng = —Z2. Due to this different quantization axis we find that the
complex field becomes ¥ = (1/+/2)(#+i9) - n instead of ¥ = (1/+/2)(#—ig)-n
which we used in the previous section. This, as we will see in Section 1.5.5,
precisely corresponds to the choice of a different-norm branch and thus
commutation relation for the excitations after quantization. As before, spin
waves are introduced as the Fourier modes of u(x) and v(x) in the linearized
LLG equation (5.2). We find that the dispersion relation, up to first order in
dissipative constants a and Iy is given by

wk ~ wp — 1 (a[A—h+A%K*] - 1), (1.53)

with

wﬂ@b:H@mgmA%P—hnﬂA—h+A%%2—A2 (1.54)
the real part of the dispersion relation in which

+1, |A —h+ A%K?| > A,

K7
0, |A—h+A2k2| <A,
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is the norm of the modes. The real part of the dispersion relation in Eq. (1.54)
is shown in Fig. 1.3(d), in which the red curve corresponds to the positive
norm mode and the blue curve to the negative norm mode. Note that the
above defined norm vanishes precisely in the interval for which the dispersion
relation has a so called exceptional line [62]. In this interval the ground state
becomes unstable towards excitations of specific wavelengths. This instability
also has to overcome by the SOT for our theory to remain valid. Similar to
the previous subsection, the classical stability follows from the sign of the
imaginary part of the spin wave dispersion relation. Here, we see that this
configuration is stable once

—Is/a 2 max(h — A, A/a). (1.55)

Thus the magnetization can in principle be held pointing opposite to the
external field if the angular momentum injected by the SOT is sufficiently

large. To determine this stability condition we furthermore used

Tm () = (1 - [10]12) /(A — b+ A2K2)? — A2,

We thus see that reducing the anisotropy A, which yields elliptical magneti-
zation precession, will greatly reduce the critical current needed to keep the
energetically-unstable state dynamically stable.

To continue, the energy functional for the excitations is given by

1
E = §<\If|azﬁ_\\11>. (1.56)
By expanding in eigenmodes |¥) = 3", ax|¥y) we find

1 *
E = 2%:% ap (U)o L_ |0y, (1.57)

1
= o 3 a1}
k

Once again we may chose to work with either positive or negative-norm
excitations of which the excitation energy is given by || ¥y |lw? which becomes
negative in a specific region of phase space. What is, however, special in
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this case is that at positive frequencies there now exist both positive-norm
excitations and negative-norm excitations. Because they both have positive
frequency, they may couple to each other and examples of this coupling are
discussed in Part ii. Restricting oneself to positive frequencies, one now nece-
sarrily has to explicitly consider the negative-norm modes. Upon quantization,
we define these latter modes to be antimagnons.

1.5.5  Canonical quantization

The formalism discussed in this section is restricted to the dissipationless limit,
i.e. « — 0 and I; — 0, thereby assuming that the quantization procedure is
still valid when turning on the small dissipation. We start out this section
by canonically quantizing the complex scalar field in Eq. (1.43). In this case,
canonical quantization should give us

[W(x, 1), UT(x,1)] = 6(x — X), (1.58)

since i¥T is the canonical momentum associated with ¥. For completeness, the
canonical momentum of ¥t is —i¥ making the above definition self consistent.

In Section 1.5.1 we have seen that the definition of ¥ depends on the choice
of direction of the static magnetization ng, where a sign change of ng implies
a complex conjugation of the complex scalar fields, i.e. ng = 2 - —2 =
¥ — U*. Hence, if the quantization axis describes the vacuum opposite to
the fixed point direction used for linearization one obtains the anomalous

commutation relations
[W(x,t), UT(x',t)] = —6(x — X). (1.59)

As we will see in the rest of this section, if we quantize our theory using
the commutation relation in Eq. (1.58) for positive frequency excitations,
the commutation relation for antimagnonic modes will satisfy anomalous
commutations relations. And hence, intuitively, antimagnonic modes may
also be seen as having an opposite quantization axis with respect to magnonic

excitations.
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1.5.6  Quantization from the microscopic Hamiltonian using the Holstein-

Primakoff transformation

In this section we make the connection between the magnons in our canonically
quantized theory and the magnons following from the Holstein-Primakoff
transformation in a spin model [63]. We start from the spin Hamiltonian

H=—J> Si-S;—yuH> Si+Kqs» (S) (1.60)
(i) i i

where the first term is Heisenberg exchange interaction between neighbour-
ing spins with J being exchange coefficient, which relates to the exchange
coefficient in Eq. (1.42) via A = Ja?T9/24% with d the number of spatial
dimensions and a the lattice spacing. The second term is Zeeman energy
of spins under an external field H with H > 0, which is related to H, via
H. = H. In the above K, is the shape anisotropy which is related to the
anisotropy in Eq. (1.42) by K = Kza®/+?. The spin operator obeys the
commutation relation [S?, S7] = iheiijk with €5, the Levi-Civita symbol.
We consider the static state of the system around which we quantize to be
S = £Se.. In the true ground state (S = +Se;) the decrease of S* by h
corresponds to a magnon excitation. On the other hand, in the energetically
unstable state (S = —Se,) an increase of /i gives rise to either an magnonic
or an anti-magnonic excitation. The difference between the two is essentially
their handedness and their energy. The antimagnonic excitations carry nega-
tive energy en have opposite handedness with respect to the magnonic ones.
Formally, we introduce the (anti)magnonic excitations on top of the ener-

getically (un-)stable ground state via the Holstein-Primakoff transformation

S* = /28 — wlw,w,, (1.61a)
SF = winy/25 — iy, (1.61b)

Si = +h(S — Uiw,), (1.61c)
such that the commutation relations are given by

[‘I/u‘l’}] = dij, (Wi, U] = 0. (1.62)
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We would like to stress here, that the definition of S¥ is with respect to the
quantization axis +2. If §' > (‘Iljllll> the spin Hamiltonian can be expanded
up to second order in ¥ and UT giving

H =t yhuoH Y W — JhS " [\Inlfj +Ulw; — 2\113\112} (1.63)
i (i)
— (Kahs/2) Y [wlw] + i, - 20l

)

When taking the continuum limit of the above we find

1 7
M= 2/alv (\I;T q;) (L) ] (1.64)
with £ defined in Eq. (1.44) and
(W (z), T (2)] = 6(x — 2'), [U(z), ¥ ()] = 0. (1.65)

We thus find that according to the Holstein-Primakoff transformation our
canonically quantized fields ¥ and U! correspond at quadratic order to
the spin lowering and raising operators S* and ST. Hence, the anomalous
operators b' and b describe a vacuum opposite of their quantization axis, up

to second order in their fields.

1.5.7 Representations of magnons and antimagnons

Below we discuss two commonly used representations for magnons, namely
the wavevector representation and the frequency representation. We put
special emphasis on the case in which we linearize around the inverted ground
state in which we need to consider both the magnonic and the antimagnonic

excitations.



1.5 MAGNETIC EXCITATIONS ON STABLE AND UNSTABLE GROUND STATES 35

1.5.7.1 Wawvevector representation

Let us in first instance restrict ourselves to the commutation relation in Eq. (1.58).
In order to diagonalize the equation of motion (1.43) we take the following

Bogoliubov ansatz

U(x,t) = Z (uk(w)ake*iw’“t + vZ(m)azei‘“kt) , (1.66a)
k

Ul(x,t) = Z (vk(x)ake*iwkt + uZ(m)aLei‘“’“t) , (1.66b)
k

where uy, and vy, are solutions of Eq. (1.43) and af and a are the (anti)magnon
creation and annihilation operators. We find that Egs. (1.58) and (1.66) imply

the commutation relations
Wl 1@l ar, afy] = (Pg, Wre) = [ Ck]|05 (1.67)

where the last equality in the above equation is only true if both states have
the same norm and is otherwise zero. Thus, if we work with the positive-
norm branch we use the commutation relations [ag, alt,] = Ok i/, while in the
negative norm branch we have to use the anomalous commutations relations
[ak, aL,] = —0p . Furthermore, if two operators correspond to states with

different norm we get the commutation relation

IOkl Crl[ak, ar] = | Wp | Ok b (1.68a)
k125 [faf, af) = %510k, (1.68D)

and otherwise zero. The latter is a consequence of the particle-hole symmetry
in the equations of motion Eq. (1.43) for the fields. From this point onward
we relabel creation and annihilation operators of the negative norm branch
as bL and by such that [bg, bL,] = —0g i and the operators in the positive
as a; and a;rC with [ag, aL,] = 0, 5. Additionally we relabel solutions of the
negative norm branch of Eq. (1.43) as (& 27)T. From Egs. (1.67) and (1.68)
we unsurprisingly find that the operators in the different branches are related
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by particle hole symmetry bl = a_j and b = aik. We find that the field ¥

may now be written as

\I/(X,t) :\1[ Z Uk ake—iwkt—l—ikx_i_ UZ azeiwkt—ikx
Wl (x, 1) 2 e [ \on g
(1.69)
+\}§ Z Q:Lk be—iwnt—ike 4 7:)7:; bLeiwkt-&-ikx
=1 | \ Uk uj,

The fields b' = @ and b = af give a doubling of the modes, since the same
information is essentially described by the fields a and a! of the positive
norm branch. This can be made more intuitive when we remember that
particle hole symmetry gives (U* u*)T as an eigenmode of Eq. (1.43) with
frequency —w™* if (u U)T is an eigenmode with frequency w. Hence, we see
that the negative norm sector can be mapped onto the positive norm sector
via a particle-hole transformation. One may thus chose to work in whatever
branch we find convenient. As argued previously, for excitations on top of a
energetically-unstable state and after restricting oneself to positive frequency,
one necessarily has to consider the negative-norm excitations. For the field in
Eq. (1.69), this implies considering both the magnon operators a and af and
the antimagnon operators b and b'.

Let us consider the Hamiltonian for (anti)magnon excitations. Similar to
the previous section this is given by

E= ;/dv (qﬁ \p) (0.L4) ‘; . (1.70)

Using Eq. (1.69) we find that the Hamiltonian in second quantized form
becomes

1 T T 0
E= 1 Z (alak + akal) (g, Ug)wy, (1.71)

([, ][=1

1
+ 1 Z (blbz + b;rgbl) <\I’l, \Ifk>w,2.
Wkll=—1
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Thus we find

1 1
E=Eo+s ¥, |Wllfajact; Y [Wlefbidl.  (172)
[Wgl|=1 ¥rll=-1

In the above Ej is the energy without excitations and b,b" and a,a’ the
(anti)magon annihilation and creation operators. As in Section 1.5.4 we
notice that on top of energetically-unstable states there exist negative energy
modes of which, by definition, the product of norm and frequency is negative.
This implies that these modes, which we call antimagnons, have opposite
handedness with respect to their magnonic counterpart. More discussion on
this can be found in Section 1.5.7.2.

1.5.7.2  Frequency representation

For processes in which the frequency w is conserved but wavevector is no
longer conserved, such as scattering, it is useful to change variables from
k — w. This representation is useful when coupling magonic excitations to
antimagnon excitations, of which examples are given in Chapters 2, 4 and 6.
Furthermore, this representation makes the need to consider antimagnons on
top of the energetically unstable state explicit. We proceed by expanding the
U and Ut in Section 1.5.7.1 in the frequency representation. Due to doubling
of the modes we consider w > 0 throughout this section. Here, we consider
k to be in the continuum. This implies Y., — [ d?k, furthermore we define
1@ by (@xlos | W) = (04|02 0k — k') and ||| W ||[ax, af,] = (Wx, Tp) —
W )l6%(k — k'). We will see that a change in coordinates k — w proceeds
very differently in the case where the static magnetization is pointing in the
direction of the external magnetic field, i.e. ng = Z, as compared to the case
in which it points against the external magnetic field, i.e. ng = —2. Let us in
first instance restrict ourselves to the case in which the magnetization is in
the direction of the external magnetic field, i.e. ng = Z, corresponding to true
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equilibrium. From here we perform a coordinate transformation on Eq. (1.69)

to frequency space giving us

(x,1) /dQ/w dw ’Q(x)awﬁ e Wt 4 Uzﬁ(x)al

min

(x,1) /dQ/w dw U .G x)awf2 et —i—u;ﬁ(x)al’ﬁ ei”t} . (1.73b)

min

eiwt} . (1.73a)

ol

= . . . T .
Here, €2 is a vector on the unit sphere of dimension d — 1, (u;C Uk) is an

eigenmode in the positive norm branch, wyin = /(A + h)? — A? gives the
ferromagnetic resonance and the rescaled fields and operators are given by

u, G(%) uz(x)

VUV /X -

Wi | _ m fdk [ vt | (1.74)
a, G |

ol | al

Where these rescaled field and operators are chosen such that their commu-
tation relations become

[‘%,ﬁ? allﬁl} =6(w— ) HQ - D). (1.75)

Due to the isotropic dispersion in Egs. (1.50) and (1.54) the fields in Eq. (1.74)
may be simplified further. Since the dispersion relation is independent of the
direction of E, the magnitude of k only depends on the magnitude of w. We
may thus express the fields as (uw’ﬁ(x) UM,Q(X)) = (uy vo) exp(ik(w)Q - x),
with (uw Uw) = \/kdifl\/m(uk vk) in which (uk vk) is an eigenvector
of Eq. (1.43) with |ug|> — |ux|? = (27) ¢

Next, we consider the case in which the equilibrium magnetization is
pointing against the external magnetic field, hence ng = —Z. In this instance
the dispersion relation Eq. (1.54) becomes negative in the positive norm
branch and positive for the negative norm branch. For frequencies below
Wmax = /(A — h)? — A? we find an additional negative energy mode in every
propagation direction. We stress that these modes carry negative energy since
the product of their norm with their frequency is negative, and, following
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our definition, we refer to these modes the antimagnons. For w > wpyax on
the other hand, these antimagnon modes do not exist. For excitations on top
of the energetically unstable state the frequency representation of Eq. (1.69)

becomes

Wmax
_ ) —iwt * 1 iwt
\I/(X7 t) = /Sd ) dQ/ dcu [uw’ﬁ(x)aw,ﬁ e 1w + vw Q(X)aw Q elw

o
. _ —lwt * t iwt
+ /w dw [uw’ﬂ(x)aw’Q et vwﬁ(x)aw G } ,
where the conjugated expression becomes

Wmax r
t - ~ . L —iwt * t iwt
Ul(x,t) = /Sd 1 dQ/ dw _’U%Q(X)CLMQ e +u Q(X)aw’Q e

[ee] -
—iwt Tt
—l—/w dw _U%Q(x)aw ge T tu 5(x)a G e } :

In the above the modes (& 17) have negative norm and positive frequency
w. Here, the rescaled fields and operator of the negative norm branch are
defined by

U, 5(x) g x)
ID =X X
”f( = Vi~ 1,/ ) (1.78)
busi
bosi bi
Via the particle-hole transformation b oG = al - and bJf =a_, _g the
same mode is described by positive norm and negatlve frequency —W.
In this representation the Hamiltonian becomes
Wmax +
M= dQ/ dww[ PO ﬁbwﬁ} (1.79)

— .‘. .
/Sd 1 d /"‘Umax dww w ﬁ Q:|

39
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. A T
Hence the antimagnons bw,Q’ bwﬁ or afw,ﬁ’

a_,q after a particle-hole
transformation, describe excitations with energy —w and hence have opposite
handedness as compared to the magnonic excitations. From the expression
in Egs. (1.76), (1.77) and (1.79) it is clear that for frequencies between 0 and
Wmax one has to consider both magnons and antimagnons, and, as a result,

these excitations may couple.

1.6 THIS THESIS

This Thesis constitutes of two parts. In Part i we discuss dipole-exchange
spin waves trying to make a close connection to experiments and include for
magnetostatic — dipole-dipole — interactions, which is not the dominant
energy scale, but nonetheless significant in the long wavelength physics of
ferromagnets. In Chapter 2, we discuss the possibility for spin waves to carry
negative magnetic energy driven by STT. To do so we include magnetostatic
interactions, Dzyaloshinkii-Moriya interaction, crystalline anisotropies as
well as surface anisotropies and the effect of STT, in a manner that should
accurately model ferromagnetic conductors. We, most importantly, investigate
the dynamical stability of these negative energy excitations. Since the spin
waves also experience the non-adiabatic STT this could render these negative
energy excitations dynamically stable. In Chapter 3 we present an analytic
theory that accurately models the dipole-exchange spin wave dispersion for
spin waves travelling perpendicular to an in-plane external magnetic field in
a thin-film geometry. The currently widely used analytic approximation rests
on a diagonal approximation that becomes inaccurate when the ferromagnetic
film gets thick. We suggest a different method to analytically approximate
the spin wave dispersion. This turns out to have an accurate analytic solution
for both thin and thick ferromagnetic films.

The focus of Part ii is on applications of negative magnetic energy ex-
citations and the discussion of non-linear magnetization dynamics due to
the onset of dynamical instabilities. We start this part with Chapter 4, in
which we discuss a method to amplify spin waves of an interface between a

normal ferromagnet and ferromagnetic in which negative magnetic energy
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spin waves exist. In this setup the spin quantization axis between the left
magnet — containing only magnons — and the right region — containing also
antimagnons — are opposite. This implies that magnons in the left magnet
can only scatter to antimagnons in the right magnet since the handedness of
the magnons and antimagnons are opposite. We find that the conservation of
energy predicts a frequency range in which superradiant reflection |R|? > 1
of spin waves in the left magnet occurs. As we will show, this mechanism is
rather similar to that of the bosonic Klein paradox — where the word paradox
is actually not fitting anymore. In final two chapters, namely Chapters 5 and 6,
we discuss non-linear dynamics in magnetic systems that develop a linear
instability. Both chapters have in common that the onset of the instability
is non-dissipative and stems from the coupling of positive magnetic energy
to negative energy modes. In Chapter 5 we consider a spin-torque oscillator
(STO), which consists of two macrospins. We describe the initial configuration
before the onset of the instability as follows, the bottom macrospin is oriented
against the external magnetic field may be driven by SOT to keep it stable
while the magnetization of the top macroscpin is aligned with the external
magnetic field and is not driven. Both macrospins in principle experience
dissipation in the form of Gilbert damping. At a special point in phase space,
called the exceptional point (EP), this configuration becomes unstable due
to coupling between positive energy excitations in the top macrospin and
negative energy excitations in the bottom macrospin. Since the linear modes
grow exponentially, a non-linear theory is quickly necessary. We thus develop

an analytic theory that fully describes the non-linear limit cycles of the STO.

We find that the dynamics of the STO becomes relatively simple near the EP
and that this STO is extremely sensitive near the EP, for vanishing out of

plane exchange couplings. For nonvanishing out of plane exhange couplings

we find the point of extreme sensitivity to shift slightly away from the EP.

Moreover, the predictions of this analytic theory agree with numerical spin
simulations and give a complete understanding of the steady-state behaviour
of the STO. In the final chapter, namely Chapter 6, we investigate the
non-linear dynamics of a model in which the linear instability follows from
the coupling of a continuum of spin wave excitations in the left magnet to

41
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a discrete amount of negative energy spin waves in the right magnet. In
the literature of analogue gravity, such a setup is described as a black-hole
laser [41, 43|. Similar to the STO described in Chapter 5, we consider the right
ferromagnet to be driven by SOT such that the magnetization is dynamically
stabilized against the external magnetic field. The left ferromagnet on the
other hand, is pointing in the direction of the external magnetic field and
is not driven. Both magnets experience dissipation in the form of Gilbert
damping. As the main result, we determine the possibility for this setup to
form a one-mode laser and find the range in parameter space for which it
should become a stable one-mode laser. This setup is quite different from
the conventional lasing setup in which a specific mode(s) start lasing due
to driving of the mode(s). Here, the onset of the lasing mode is due to the
coupling between positive and negative energy excitations and this system is

stabilized via the injection of SOT and non-linearities.



Part I

DIPOLE-EXCHANGE SPIN WAVES

“I bought a new notebook, and put at the front: "hoping
for happy accidents". And that’s basically what we were
trying to do.”

—Thom Yorke.






DYNAMICALLY STABLE NEGATIVE-ENERGY
STATES INDUCED BY SPIN-TRANSFER TORQUES

This Chapter is based on J. S. Harms, A. Riickriegel, and R. A.
Duine, “Dynamically stable negative-energy states induced by spin-
transfer torques,” Physical Review B 103, 144408 (2021). R.A.D.
conceived the project, J.S.H. performed the calculations and prepared
the manuscript. All authors contributed to the manuscript.

In this Chapter, we investigate instabilities of the magnetic ground state
in ferromagnetic metals that are induced by uniform electrical currents, and,
in particular, go beyond previous analyses by including dipolar interactions.
These instabilities arise from spin-transfer torques that lead to Doppler shifted
spin waves. For sufficiently large electrical currents, spin-wave excitations
have negative energy with respect to the uniform magnetic ground state,
while remaining dynamically stable due to dissipative spin-transfer torques.
Hence, the uniform magnetic ground state is energetically unstable, but is
not able to dynamically reach the new ground state. We estimate this to
happen for current densities j > (1 — D/D.)10'3A /m? in typical thin film
experiments, with D the Dzyaloshinskii-Moriya interaction constant, and
D, the Dzyaloshinskii-Moriya interaction that is required for spontaneous
formation of spirals or skyrmions. The critical current density can be made
arbitrarily small for ultrathin film thicknesses at the order of nanometers, due
to surface- and interlayer effects. From an analogue gravity perspective, the
stable negative energy states are an essential ingredient to implement event
horizons for magnons — the quanta of spin waves — giving rise to e.g. Hawking
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radiation and can be used to amplify spin waves in a so-called black-hole

laser.

2.1 INTRODUCTION

Unruh’s 1981 paper “Experimental black hole evaporation® [26] proposed
that following the argument for thermal black-hole radiation [39] a sonic
analogue event horizon can be created by considering sound waves in a
flowing medium. This sonic event horizon emits a thermal spectrum of sound
waves and opens up possibilities for the experimental observation of Hawking
radiation. The event horizon for sound waves is created by a transition from
subsonic to supersonic background flow, such that sound waves incoming
from the subsonic region cannot escape the supersonic region once they have
passed the event horizon. Motivated by Unruh’s work, theoretical proposals of
analogue event horizons based on different systems were put forward [27-29).
These include phase oscillations in a Bose-Einstein condensate [33], slow light
in dielectric media [34, 35|, trapped ion rings [36, 37|, Weyl semi-metals [3§]
and, as discussed in this Chapter, metallic magnets [31]. Although Unruh’s
original proposal considers waves in water which can not be pushed into the
quantum regime, the existence of classically stimulated Hawking emission
has been observed in Ref. [64]. Furthermore, thermal Hawking radiation in a
Bose-Einstein condensate, a system which might be driven to the quantum
regime, has been observed in Ref. [32].

Moreover, the combination of a black-hole and white-hole horizon — the
time-reversed partner of a black-hole horizon — is proposed to lead to huge
amplitude enhancements at specific resonant frequencies [41], thereby acting
as a black-hole laser. The resonance frequencies occur due to constructive
interference of particle-hole coupling at each horizon, which gives rise to
Hawking radiation in the quantum regime. An implementation of the latter
is the spin-wave laser proposed in Ref. [65], which provides a way of injecting
spin angular momentum into a magnetic sample through amplification of

spin waves, driven by current induced spin-transfer torques [57].
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In the subsequent sections, we investigate energetic and dynamic instabili-
ties of spin waves in metallic ferromagnetic thin films, induced by spin-transfer
torques, i.e., torques arising from the interaction of the spin-polarized cur-
rent and the magnetization dynamics |57, 66-70|. More specifically, spin
waves are Doppler shifted in the presence of an electrical current [68, 71],
with an effective spin-drift velocity proportional to the electrical current.
This spin wave Doppler shift was experimentally observed by Vlaminck and
Bailleul [72]. The spin-drift velocity, if large enough, can lead to instabilities
in the ferromagnetic ground state [68, 70, 73|. For the existence of analogue
horizons it is important to distinguish energetic and dynamic instabilities.
Energetic instabilities are characterized by the existence of negative energy
excitations, while dynamical instabilities lead to exponential growth of small
amplitude excitations. Contrary to most physical systems, these instabilities
do not necessarily coincide for spin waves in a ferromagnetic metal, due to
dissipative spin-transfer torques [66]. We find that magnons — the quanta
of spin waves — can be dynamically stable for a wide range of currents that
make the ferromagnetic ground state energetically unstable.

In the context of analogue gravity, the magnonic event horizon is defined
by the transition from a region of positive energy states to a region with
dynamically stable negative energy states. For linearly dispersing sound
waves, such as waves in water, the negative energy region corresponds to
unidirectional movement of sound waves. In general, an event horizon is a
region which couples positive energy states to negative energy states. For
non-linearly dispersing sound waves one can still define the event horizon as
the region that couples positive energy states and dynamically stable negative
energy states. These generalized event horizons are referred to as dispersive
horizons [74].

The ferromagnetic thin film set-up we consider in this Chapter is similar
to Ref. [65], but treated more generally, including effects of surface- and volume
anisotropies, Dzyaloshinskii-Moriya interaction, dipole-dipole interactions
and finite thickness of the thin film. We find that the current density needed
to create energetically unstable, but dynamically stable, states is of the
order j > (1—D/D.)10'3A /m? for typical thin film experiments, with D the
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Dzyaloshinskii-Moriya constant, and D, the Dzyaloshinskii-Moriya interaction
that is required for spontaneous formation of spirals or skyrmions. The critical
current density can be made arbitrarily small for thin film thicknesses at the
order of a nanometer. This decrease is primarily due to the effects of surface
anisotropy and interfacial Dzyaloshinskii-Moriya interaction.

The remainder of this Chapter is organized as follows. We put foreward
our model and discuss spin wave solutions in Section 2.2. Furthermore, the
critical current needed for energetic instabilities to exist and the region of
dynamical stability are derived in Section 2.3. Additionally, we derive the
critical thickness at which the ferromagnetic ground state becomes unstable
due to surface and interfacial effects in Section 2.A. A derivation of the
lowest energy dipole-exchange spin wave mode is presented in Section 2.B.

We conclude with a discussion and outlook.

2.2 METALLIC THIN FILM FERROMAGNET
2.2.1 Model and set-up

We consider a ferromagnetic metallic thin film of thickness L in the z direc-
tion with the surfaces corresponding to z = +L/2. We consider the set-up
in Fig. 3.1 that involves a thin film subject to a static external field H,
applied in the y direction and a uniform charge current j pointing in the
—x direction. For temperatures far below the Curie temperature, amplitude
fluctuations in the magnetization are negligible. In this case the dynamics of
the magnetization direction n = M /Mj is described by the Landau-Lifschitz-
Gilbert (LLG) equation, with spin-transfer torques (STTs), and Maxwell’s
equations in the magnetostatic limit. The LLG equation with ST'Ts is given
by [66]

(O +vs-V)n=—yn x Heg + an X <8t+§vs-v> n, (2.1)

provided that spin-orbit coupling is not very strong so that spin-orbit torques
are negligible. Inclusion of spin-orbit torques in our discussion is straightfor-
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’ :y Electric current j
X

Figure 2.1: Sketch of the set-up. We consider a metallic ferromagnetic thin film of

thickness L which is subjected to an external magnetic field H, pointing in the y
direction and an electric current driven along the = direction. Furthermore, 6 is the
angle of the steady state magnetisation My with the plane and ¢y is the angle
between the spin wave propagation direction and the y axis.

ward but omitted here to reduce the number of parameters. In the above
equation, the adiabatic spin-transfer torque is parametrized by the velocity
vs = —gPupj/2eMs that is referred to as spin-drift velocity, which is pro-
portional to the current density j. Here g is the Landé factor, up the Bohr
magneton, e the elementary charge, P the spin polarization of the current and
My the saturation magnetization. The LLG equation describes damped pre-
cession of the magnetization around the effective field Heg = —0E/(Ms0n).
Here, E[n] is the magnetic energy functional, which we consider to be of the

general form
1 2 1 2
E=M, [ dV §J(Vin) — poH -n — §Kvnz (2.2)
- %D[g} (n X dyn) — - (nx 3yn)]}.

In the above J is the spin stiffness, D the Dzyaloshinskii-Moriya interaction
(DMI) constant that in this particular set-up may result from interfacing
the magnet with a heavy metal, and K, is the volume anisotropy constant —
this type of anisotropy is e.g. typical in the Co layer spin wave spectroscopy
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experiments in Ref. [75]. The dimensionless parameters a and [ charac-
terise the strength of the Gilbert damping parameter and the non-adiabatic
spin-transfer torques, respectively. Usually these dissipative constants are
comparable, a ~ 3, and of the order 10~2 [58]. For now, we neglect surface
anisotropy in the energy functional, which we discuss in Section 2.B. Addi-
tionally, dipole-dipole interactions are taken into account by considering the
magnetostatic Maxwell’s equations [76]

VxH=j, V-B=0. (2.3)

Here H is the magnetic field strength and B = 1o(H + M) the total magnetic
field. In the steady state, the internal magnetic field Hy and the magnetization
My are parallel. For an external magnetic field pointing in the y direction
with, jL < 2H,, the internal magnetic field and magnetization are related
to the external magnetic field by

tojzsin(0) ~(uoMs — K,) sin(20) /2 + poHe sin(0), (2.4)

with 6 the angle between the magnetization direction and the z — y plane.
We find that the steady state magnetization points along the y axis if K, <
wo(He + Mg — jL/2). While the steady state magnetization deviates from the
y axis if K, > po(He + Mg — jL/2), where it acquires a component in the
z direction. From this point onward we assume K, < po(He + My — jL/2)
such that the steady state magnetization is pointing in the y direction.
Experimentally, this may be achieved by applying a sufficiently large external

magnetic field.

2.2.2  Dipole-exchange spin wave modes

The dipole-exchange spin wave modes |75, 77-84] are generated by dynamical
fluctuations of both the magnetization direction and the demagnetizing field,

which are small compared to My and Hy,

M:Mo—l-m(t), H:Ho—i-hD(t). (25)
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Notice that up to linear order in the dynamical fluctuations, m is perpen-
dicular to My, lying in the x — z plane since we consider the magnitude
of the magnetization to be constant |[M| = M,. Both the static and dy-
namic part of the magnetization and magnetic field strength should sat-
isfy the magnetostatic Maxwell equations (2.3). We accordingly require
V xhp =0, V-b =0, with b= po(hp + m). The first Maxwell equation
allows us to write the dynamic demagnetizing field in terms of a scalar
potential hp = V®&p. The second Maxwell equation accordingly gives
V2®p = —V - m, where the magnetization m outside the film is zero.
The Landau-Lifschitz-Gilbert- and magnetostatic Maxwell equations may
be rewritten by means of n ~ 2 v/2Re[¥] + & v/2Im[¥] + § (1 - |\Il|2), with
the complex field ¥ = (1/4/2) (2 +i2) - n. In these coordinates the linearised
LLG and magnetostatic Maxwell equations become

. 0, +i0z)
QU = — (Qp — A, — A2V? ¢+Av\11*+(27z<1> , 2.6
( H ) \/§Ms D ( a)
V2o, (0, —i0y) . (0, +i0y)
=— U — U, 2.6b
7 VA, Vv, (260)

Additionally, the exchange boundary conditions for thin films [85] require

+0.V — (K /J) (¥ 4 U%) | =0, (2.7)

z=+L/2

with K the surface anisotropy constant. In the above, we defined the following
dimensionless operators and variables !: dimensionless magnetic field Qg =
woHe/poMs, dimensionless volume anisotropy A, = K, /2uoM;, exchange
length A = \/m and the dimensionless frequency operator €2 = i[(1—
ia)at + (1 - iB)VS -V + ’YDax]/(’VNOMS)'

Using the Bogoliubov ansatz, and taking v in the x direction, we write
U(x,t) = u(x)e @ Ho*(x)e™ " and Op(x,t) = w(x)e” @ +w*(x)e™ !, where
(u(x), v(x), w(x)) x e®TI(uk,2), v(k,z), w(k,2)), with k = (ks, k,) and
r = (x, y). The above plane wave ansatz gives rise to a spectrum of spin wave
solutions. The lowest energy dipole-exchange spin wave dispersion relation
is obtained in Section 2.B for thin films with thicknesses comparable to the

1 We neglected the contribution of the driving current j to the magnetic field H in Qp.
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exchange length L ~ O(A). Up to linear order in « and /3 the lowest energy
dipole-exchange spin wave dispersion relation is given by

(Wi — Vsky) = Wi — iraw) — ik(a — B)vsky, (2.8)
where
(Wi = ¥Dkz) /(vuoMs) = (2.9)

VI — A+ A2 — 1/2c052(65) f(B)]” — [A + 1/2{1 + sin(gnr) 1/ ()],

is the real part of the dispersion in the absence of an electrical current, which
is plotted in Fig. 2.2. Here, f(k) =1 — (1 — e *L)/kL is the form factor, ¢y
the angle between the spin wave propagation direction and the y axis and
A=A, + A —1/2, with Ay = (A/puoMsL)Ks the dimensionless parameter
corresponding to the sum of surface anisotropies |80, 85]. In the above, & is
an overall factor of the imaginary part of the dispersion relation, stemming
from the fact that the isotropic Gilbert damping only enters in the diagonal
part of Eq. (3.5a). This term is not of importance for the stability analyses,
since it remains positive in the region of interest. The precise form of x can
be found in Section 2.B.

2.3 ENERGETIC AND DYNAMICAL SPIN WAVE INSTABILITIES

Motivated by theoretical predictions of magnonic black/white-hole hori-
zons 31| and black-holes lasers [41, 65], we investigate energetic and dynamic
instabilities in the spin wave spectrum, due to a spin-polarized electrical
current [68], including effects of dipole-dipole interactions, volume- and sur-
face anisotropies, and DMI. A negative real part of the spin wave dispersion
relation, Eq. (2.8), indicates energetic instabilities, necessary for analogue
black /white-hole setups [27-29|. Dynamical instabilities on the other hand are
characterized by a positive imaginary part of the spin wave dispersion relation
and classically lead to an exponential growth of unstable modes. In contrast
to most physical systems, these two types of instabilities do not necessarily
coincide for the magnetization dynamics in a metallic magnetic system, due
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Figure 2.2: Dispersion relation (2.9) of the lowest energy spin wave mode including
dipolar interactions and anisotropy. Here, we consider Qg = 1, D/ugM,; = 0,
A =-0.25, L ~ 40nm and ¢y = 7/2.

to the dissipative spin-transfer torques characterised by the parameter j3.

Accordingly, we investigate the regime in which the system is energetically
unstable, but dynamically stable, see Fig. 2.3. From Eq. (2.8) we find that
the system is dynamically stable if

‘(0‘ - B)Uskr + aVDkw’ < O‘(’YMOMs)Qk (2.10)

is satisfied for all k, with yugMs;Q = wﬁ — vDk, the inversion symmetric
part of the dispersion relation (2.9). Energetic instabilities on the other hand
are present if Rewy < 0, for some k. By considering minima of the dispersion
relation we find the critical current above which energetic instabilities exist
should satisfy dx Rewg,|y,—v. = 0 and Rewi,|y,—v, = 0, for some k.. Thus,
energetic instabilities are present for currents vs > v, and do not exist for
vs < v., which characterises the critical velocity v.. The above constraints
that determine the critical current are equivalent to

O, Y, = 207 /ke, (2.11a)
ve/y = [oMs/ sin(én)| Q. /ke — D. (2.11b)
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Figure 2.3: Dispersion relation (2.8) for different values of the spin drift-velocity v,,
with @« = 0.1 and 8 = 0.01. (a) Real part of the dispersion relation. (b) Imaginary
part of the dispersion relation. For small v, < v., spin waves are energetically and
dynamically stable (red). For spin drift-velocities larger than the critical velocity,
vs > Ve, We obtain energetically unstable but dynamically stable spin waves (blue).
For very large vs > v, spin waves are both energetically and dynamically unstable
(yellow).
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For spin waves travelling perpendicular to the external magnetic field, ¢ =

/2 in Eq. (2.9), the constraint in Eq. (2.11a) is explicitly written as
[ = AP = A%~ [A+ f(ko)] [A+ F(ke)] (212)

where we used f(k) — kf'(k) ~ f(k)2. We note that f(k) € [0,1] and
typically A = A, + Ay — 1/2 2 —1/2 with Qg ~ 1. Accordingly, we assume
[A+ f(ko)][A+ f(ke)?]/ [ — AJ? to be small compared to unity around the
critical wavelength k.. Next, we expand k2 = k2 +0k? around A%kx2 = Qp — A,

up to linear order in §k? and [A + f(ke)][A + f(ke)?]/[Qu — A)? in Eq. (2.12).

This gives

(A + f(re)] [A + f(re)?] (2.13)

1
2¢72 L
Ak 5 QA

Similarly, we find that ,_, up to first order in 6k2 and [A+ f(k.)]?/[Qn — A?,
is given by

_ 2 2_1[A+f(’fc>]2 2.14
Qp, ~ 2[Q — A] + A6k FRr s P (2.14)

Finally, using Eq. (2.11b) we find that the critical current that generates
energetic instabilities is up to linear order in 6k2 and [A + f(k.)]?/[Qn — A]?
given by

0 1 0k2
ve /Yo Ms =~ < ﬁ’%) (1 ~ 5 ) — D/ o Ms. (2.15)

This can be rewritten as
ve = (D, — D), (2.16)

where

Do/2p0MA = 100 — A2 = (1/2) [A + f(k,)] (2.17)

is the critical DMI constant above which the ground state becomes both
energetically and dynamically unstable. Once DMI reaches this value, the
homogeneous ground state becomes unstable. This results in the spontaneous
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formation of textures, typically spirals and skyrmions. Additionally, we note
that the contribution of 6k? drops out of the critical DMI, up to first order.

Finally, we find from Eq. (2.10) that the region in which electrical currents
generate energetically unstable but dynamically stable spin waves is given by

v (De.— D) <vs <7 (D.—D)|1—B/a|™t B<a,

(2.18)
v(De — D) <wvs <y (De+ D)1= B/a]™" B>a.

This provides a large window of stability, given that usually a ~ 5. We note
that this region is determined by solely considering spin waves travelling
along the x axis — perpendicular to the external magnetic field. This is a
consequence of the fact that the critical current for energetic and dynamic
instabilities increases as spin waves travel at increasing angles |¢pg — 7/2]
with respect to the x axis. In Fig. 2.4, we plotted the angular dependence of
the critical current. Additionally, in the case where 5/a > 2 it is possible to
have dynamically unstable but energetically stable states. This occurs when
the right hand side of Eq. (2.18) becomes smaller than the left hand side. As a
consequence, the DMI should be at least D > D.(1 —2a/3) for energetically
unstable, but dynamically stable states to exist in the region where /o > 2.
Therefore, dynamically stable negative energy states are difficult to create in
materials when 5 > «. For instance in Ref. [86] a value of 5 ~ 5a was found.

Taking typical values for the saturation magnetization poMs ~ poHe ~
1T, gyromagnetic ratio 7/2r ~ 30GHzT~! and exchange length A =
J/poMs ~ 5nm, we find the typical order of magnitude of the critical
current j. ~ Mgle|ve/pp ~ 10" A/m?, where we took g ~ P ~ 1, My/up ~
102nm~=3 and v, ~ yugMsA ~ 103 m/s. Furthermore, for typical values of
DMI DL/ugMsA? ~ 0.1 [75, 87, 88|, anisotropies A, = K,/2uoMs ~ 0.2
and AsL/A = Kg/uoMsA ~ 0.4 [75, 80|, we find the critical current that is
needed to create energetic instabilities, given in Eq. (2.16), is significantly
reduced in thin films having thicknesses of a few nanometers, as is shown
in Fig. 2.5. This reduction of the critical current is primarily due to the
cumulative effect of DMI and surface anisotropies, which become prominent
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Figure 2.4: Numeric solution of the dimensionless critical velocity v./vypuoMsA
in Eq. (2.11) - for dispersion relation (2.9) — against the angle ¢y in radians.
We took the typical values Qg ~ 1, DL/pugM;A ~ 0.1, A, = K, /2uoM;s ~ 0.2,
AsL =K/ ugMgA ~ 0.4 and L/A = 3.
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Figure 2.5: Dimensionless critical velocity v./vuoMsA against dimensionless thick-
ness L/A, taking typical values Qg ~ 1, DL/uogM,A%? ~ 0.1, A, = K, /2uo M, ~ 0.2,
A;L/A = K /uoMsA ~ 0.4. The dashed line corresponds to the linear approxima-
tion in Eq. (2.16) and the solid line corresponds to the numerically obtained solution
of Eq. (2.11) with dispersion relation (2.9).
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in ultrathin films as a consequence of their inverse scaling with respect to
the thickness of the thin film.

2.4 DISCUSSION AND OUTLOOK

We have investigated the occurrence of energetically unstable but dynamically
stable spin wave excitations, due to spin-transfer torques, including effects
of dipole-dipole interactions, anisotropies and DMI. We have shown that
in typical thin film experiments [72, 75, 80|, the critical current needed to
create energetically unstable, but dynamically stable states is of the order
j 2 (1= D/D.)103A /m?. If one could experimentally enhance the DMI to
be near the critical DMI, above which the homogeneous ground state becomes
unstable towards the formation of textures, such as spirals and skyrmions,
then a relatively small current should be sufficient to create the dynamically
stable negative energy states. Additionally, we found that the critical current
density becomes arbitrarily small for thin film thicknesses of the order of
nanometers. This decrease is primarily due to the cumulative effect of DMI
and surface anisotropies, which become dominant in ultrathin films.

Furthermore, the region in which dynamically stable negative energy spin
wave excitations exist is found to be large, given that typically o ~ 3. In the
case where 8 > o we note that energetically stable, dynamically unstable
states could occur. Hence, dynamically stable negative energy states are
difficult to create in materials when 8 > .

For the typical values considered in Section 2.3, we see a slight deviation
of the first order critical velocity with respect to the numerical critical
velocity at ultrathin film thicknesses, see Fig. 2.5. This is due to the surface
anisotropy contribution becoming larger in the ultrathin film limit, where
the increased inaccuracy stems from the fact that we determine the critical
velocity in Eq. (2.16) up to first order assuming [A + f(ke)][A + f(kc)?] and
[A + f(k:)])?/2 to be small compared to [Qz — A]?. This approximation is
accurate when anisotropies are small compared to the external magnetic field,
but describes the critical velocity less accurately when anisotropies become

relatively large — especially volume anisotropy — approaching 2A, < Qg + 1.
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Additionally, the critical momentum k. becomes small for ultrathin film
thicknesses — if surface anisotropies are dominating —, which makes the
expansion of 1/k. less accurate in this range. When dealing with relatively
large anisotropies, it is more appropriate to expand the k2 around x? =
VIQ — A]2 — [A, + Ag]? in Eq. (2.12). In this case the critical DMI constant

is given by (Do/v2ZuoMs) = \/(Qr — A+ k2)2 — F(A, + Ay + f) /w2, with
f:f(’ﬁc)_l/z

Finally, energetically unstable, dynamically stable excitations are necessary

to create analogue black/white-holes with spin waves [27-29, 31|. Furthermore,
the combination of a black- and white-hole horizon is predicted to amplify
spin waves of specific frequencies, giving rise to a spin-wave laser/amplifier [41,
65]. Future research could investigate energetic and dynamic instabilities in
antiferromagnetic metals. Additionally, this model could be used to compute
the resonance frequencies of the spin-wave laser in Ref. [65] more realistically.
Moreover, one could investigate non-linear effects in such a setup, since non-
linear effects quickly become important around the resonance frequencies.
The non-linear regime could be investigated by means of the stochastic

Landau-Lifschitz-Gilbert equation.

APPENDIX

2.A CRITICAL THICKNESS OF ENERGETIC INSTABILITIES AT ZERO
CURRENT

In this Appendix, we determine the critical thickness at which spin wave excita-
tions become energetically unstable at zero electrical current. These energetic
instabilities are due the increase in magnitude of surface anisotropies and
DMI in the ultra thin film limit and are dynamically unstable by Eq. (2.10).
Additionally, the range of electrical currents that generate energetically unsta-
ble but dynamically stable spin wave excitations decreases when approaching
the critical thickness. This is a direct consequence of decreasing the critical

current, see Section 2.3. If surface anisotropies are dominant at small thick-
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nesses, the critical thickness at which instabilities appear, at zero current
and vanishing DMI, may be approximated at zero’th order by closing the
spin-wave gap in Eq. (2.9), giving

Qg —200=Qp +1—-2A, —2A% /Ly ~ 0, (2.19)

with k.L < 1 and A} = AL constant. For non-vanishing DMI, up to first
order in f(k.) ~ k.L/2 < 1, we find that Eq. (2.11) is equivalent to

[Qn — A ~ [A+ f(ke)] A, (2.20)

ke[2(Qm — A) = (D*/L)*] ~ [A+ f(ke)] [ (Ke), (2.21)

where D* = (D/puoMsA)L is constant. We expand the above equations around

A = Ag+ A, with A = —(A%/L3)SL + O(5L?). Up to first order Eq. (2.20)
gives

keLo/2 ~ —48A. (2.22)

We find that Eq. (2.21) in combination with the above equation leads to

QL2 1 1 L 3 D*\?
SL ~ 0 Qp | = + = — - = = 2.23
32A% /{ i [Lg G 32A;] 16 <L3> ’ (223)

with Lo = 2A%/(2Qy + 1 — 2A,) given by Eq. (2.19). We thus find that the
critical thickness for spin wave instabilities is given by L ~ Lo + dL, in the

case that surface anisotropies dominate in the ultrathin film.

2.B APPROXIMATE DIPOLE-EXCHANGE MODE IN THIN FILMS

Here, we discuss an analytic approximation of the lowest energy spin wave
dispersion relation for the setup discussed in Section 2.2, using the thin film
magnetostatic Greens function 79, 80, 83, 84, 89]. We start by expressing
the demagnetizing field hp in Egs. (2.5), (3.5a) and (3.5b) in terms of the
magnetization by using the magnetostatic Greens function. It is explicitly
given by

L/2
hp(k, 2) :/ ) d?'G(k; z — 2 )m(k; 2'). (2.24)
—L/2
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Where the magnetostatic Greens function [83, 89| satisfies the magneto-
static Maxwell equation Eq. (3.5b) along with the appropriate boundary
conditions [49]. It is explicitly given by,

-G, 0 iGy
Gfﬁg(k§z7 2 = 0 0 0 ) (2.25)
iGy 0 Gp—9d(z—72")
with é o k the in-plane direction of spin wave propagation, 79 the orthogonal
in-plane direction, 2 the thickness direction, G, = @ exp(—|k||z — 2/|) and
G, = Gpsign(z — 2'). By substituting Eq. (2.24) into the linearised Landau-
Lifschitz-Gilbert equation Eq. (3.5a) we obtain the effective linearised LLG
equation
L)2

QU =— [Qp — A, — A’V T +A,,T" +/

1
1 [Ak\I!k n Bk\p*_k} a7
L2

(2.26)

where Ay, = cos?(¢y)Gp—0(2—2), By, = {1+sin?(¢y)}Gp—2sin(¢dy )Gy —
d(z—2") and ¢ the angle between wave vector k and the y axis. Additionally
we introduced the dimensionless anisotropy constant A, /, = K, //2p0Ms,
where we took K, /s = K,+ K 0(2—L/2)+ K 6(2+4L/2). Here K correspond
to the surface anisotropies of the thin film. Following Gladii et al. [80] we add
the term (K /2)8(z 4 L/2)n? in the energy functional Eq. (4.2) to account
for surface anisotropies. This differs from the approach used by Kalinikos
and Slavin [84] where surface anisotropies determine the exchange boundary
conditions of the thin film [85].

Using the Bogoliubov ansatz ¥(x, t) = u(x)e ! +v*(x)e™ !, with (u(x), v(x))

d;—wkeik'r“ (u(k,z), v(k,z)), the linearised LLG equation becomes
F+1/2 1/2-A0y ) (uk,2
Ays—1/2 —F*—1/2) \v(k,z)

N /L/2 o[ —C6) D*(s)\ [u(k,2)
—L/2 —-D7(s) C(s) v(k,2')

~—

(2.27)
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with s = 2 — 2/, F = Q4 (g — A, + A2k2 — A292), [* = —Q* + (Qp —
A, + A%K? — A202), C(s) = (1/2) cos?(¢¢)Gp and DE(s) = —(1/2){1 +
sin®(¢¢) }Gp £ | sin(¢¢ ) |Gy. Furthermore, yuoMsQ = (1+ia)w+(14i8)vsky +
vDk, and yugMQ* = (1 —ia)w + (1 — i8)vsky + yDky.

The magnetization profile in the thickness direction may be expanded in
eigenfunctions of the unpinned exchange boundary conditions, which form a
complete basis [83]. We approximate the magnetization profile of the lowest
mode by the lowest Fourier mode, for thicknesses of the order L ~ O(A),

u(k, 2) NUO(k)\E (1] e (1) , (2.28)

which is the uniform mode approximation. Using the above ansatz the lin-
earised LLG equation Eq. (2.27) becomes

Q4+ Qq -4

=0, (2.29)
QG —Qq
where
Qq = Qg — A+ A%K* — 1/2cos?(én) f(k), (2.30a)
Q= A+ 1/2{1 +sin®(on) Y f (k). (2.30D)

With f(k) = 1—(1—e ) /KL, A = Ay+As—1/2 and Ay = (A/2poMsL)(K; +
K7). Hence, the lowest mode dispersion relation, up to first order in a and

B, is given by

(wk — Vsky) > W) —iraw) — ik(a — B)vske, (2.31)

with (w) — vDky)?/(yuoMs)? = Q2, k= (Q4/%) and

2

O = [Qn — A+ A%k* — 1/2cos®(¢n) f (k)] (2.32)

— [A+1/2{1 +sin®(¢n)} f (k)]



THEORY OF THE DIPOLE-EXCHANGE SPIN WAVE
SPECTRUM IN FERROMAGNETIC FILMS WITH
IN-PLANE MAGNETIZATION REVISITED

This Chapter is based on J. S. Harms and R. A. Duine, “Theory
of the dipole-exchange spin wave spectrum in ferromagnetic films
with in-plane magnetization revisited,” Journal of Magnetism and
Magnetic Materials 557, 169426 (2022). R.A.D. and J.S.H. conceived
the project, J.S.H. performed the calculations and prepared the
manuscript. All authors contributed to the manuscript.

We present a refinement of the widely accepted spin-wave spectrum that
Kalinikos and Slavin [83, 84| computed for magnetic films with an in-plane
magnetization. The spin wave spectrum that follows from the diagonal ap-
proximation in this theory becomes inaccurate for relatively thick films,
as has already been noted by Kreisel et al. [77]. Rather than solving an
integrodifferential equation which follows from the magnetostatic Green’s
function, as done by Kalinikos and Slavin [83, 84|, we impose the exchange
and magnetostatic boundary conditions on bulk spin-wave solutions. This
boundary problem has an accurate analytical solution which is quantitatively
different from the commonly used diagonal theory [83, 84| for magnetic films.

3.1 INTRODUCTION

Dipole-exchange spin waves propagating in in-plane magnetized magnetic thin
films have attracted a lot of attention in recent years, due to their potential
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applications in magnonic devices [90]. Of special interest is the case in which
spin waves travel perpendicular to the external magnetic field — in which case
the spin wave velocity is the largest. As noted by Kreisel et al. [77] the spin
wave spectrum that follows from the diagonal approximation in the commonly
used theory [83, 84] is inaccurate in this case for relatively thick films. The
inaccuracy stems from the diagonal approximation, and disappears when
solving the system numerically with interband interactions. This approach
on the other hand is not feasible for analytic approximations.

In this Chapter, we present an alternative analytic derivation of the dipole-
exchange spin wave spectrum for this scenario. Rather than solving an inte-
grodifferential equation following from the magnetostatic Green’s functions
as done by Kalinikos and Slavin [83, 84|, we use an approach resembling that
of Wolfram and DeWames [82| which previously had no analytical solution.
A similar approach has been used by Sonin [91] to derive the spectrum of
spin waves propagating parallel to an in-plane magnetic field for sufficiently
large wave numbers. Moreover, Arias [92] used this approach to find the
spin-wave dispersion numerically and presented a uniform mode solution in
the ultrathin-film limit similar to the uniform mode solution in the diagonal
approximation by Kalinikos and Slavin [83, 84]. Kalinikos and Slavin [83,
84| approximately solved the integrodifferential equations by assuming a
superposition of magnetization profiles which satisfy the exchange boundary
conditions but do not satisfy the bulk equations of motion. Here, however we
impose both the exchange and magnetostatic boundary conditions on bulk
spin wave solutions. This boundary problem turns out to have an accurate
analytical solution — compared with the numerical spectrum — and is quanti-
tatively different from the commonly used diagonal spin wave theory [83, 84]
for relatively thick films.
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Figure 3.1: Sketch of the set-up. We consider a ferromagnetic thin film of thickness

L with the equilibrium magnetization pointing in the y direction.

3.2 THIN-FILM FERROMAGNET
3.2.1 Model and set-up

We consider the set-up in Fig. 3.1 of a ferromagnetic thin film of thickness L
subject to an in-plane external magnetic field He. We chose the x — y axes
to correspond to the in-plane directions, with the external magnetic field
H. = H.y pointing in the y direction. Furthermore, the z axis corresponds to
the out of plane direction where the surfaces of the thin film are located at z =
+L/2. For temperatures below the Curie temperature, amplitude fluctuations
in the magnetization are negligible. Hence, the dynamics of the magnetization
direction n = M /M is described be the Landau-Lifshitz equation (LL), and
the Maxwell equations in the magnetostatic limit — accounting for dipole-
dipole interactions. The LL equation is given by

Om = —yn x Heg, (3.1)

which describes precession of the magnetization direction around the effective
field Heg = —9F/5(Msn). Here, we consider the magnetic energy functional
E[n] of the form

1
En] = Ms/dV {—iJn -V?n — pyoH -n| . (3.2)
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In the above J is the spin stiffness and H = H, + Hp is the magnetic field
strength, where Hp is the demagnetization field originating from dipole-
dipole interactions. Furthermore, the magnetostatic Maxwell equations [49] —

accounting for dipole-dipole interactions — are given by
VxH=0,V-B=0, (3.3)

with B = po(H + M) the total magnetic field. The boundary conditions
require the normal component of B and the tangential components of H to
be continuous at the thin film surfaces.

In equilibrium the LL equation requires the equilibrium magnetization
Mg and the effective magnetic field strength Heg to be parallel Meq || Heg-
In this case the internal magnetic field strength Heq = He + Hp has a
contribution from the external magnetic field H, and the demagnetization
field Hp = —ZM,, originating from the magnetostatic boundary conditions.
For an external magnetic field pointing in the y direction, as discussed in this
Chapter, the uniform equilibrium magnetization Mg should also point in
the y direction.

Dipole-exchange spin-wave modes are generated by dynamical fluctuations
of the magnetization and the demagnetizing field around the magnetostatic

equilibrium
M = M, + m(t), H=H, + hp(t), (3.4)

where m is perpendicular to Mgq up to linear order in m, and m., lying in the
x — z plane. The latter is a consequence of the magnitude of the magnetization
being constant |M| = Mj. Since the magnetostatic Maxwell equations (3.3)
are linear we require V x hp =0, V-b =0, with b = po (hp + m). Using
that the dynamic demagnetizing field is has vanishing curl, we express the
dynamic demagnetization field in terms of a scalar potential hp = V&p.
Hence, the magnetostatic Maxwell equations become V2®p = —V - m, where
the magnetization outside the thin film vanishes.

The Landau-Lifschitz and magnetostatic Maxwell equations may be rewrit-
ten by means of n =~ 2+v/2Re[¥] — & v/2Im[¥] + § (1 - |\I/|2>, with ¥ =
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(1/v/2) (¢ — i#)-n. Consequently the linearised LL and magnetostatic Maxwell

equations become

A 9, —id,)
QU = — (Qy — A?V? qf+(zix<b , 3.5
( H ) \@Ms D ( a)
V2op (0; +10y) (0, —i0,)
- U — U, 3.5b
e NCIT NGIT (3.5b)

Additionally, the exchange boundary conditions for thin films [85, 93] in the

absence of surface anisotropy require

+0.9|, 0. (3.6)

=+L/2 —

In the above, we defined the dimensionless magnetic field Qg = poHe /poMs,
exchange length A = \/J/puoMs and the dimensionless frequency operator
Q =00 [y o Ms.

3.2.2  Bulk dipole-exchange spin-waves and it’s boundary conditions

Using the Bogoliubov ansatz, we write ¥(x, t) = u(x)e”“!+v*(x)e™! and ®p(x,t) =
w(x)e”“itw* (x)e™!, where (u(x), v(x), w(x)) o ekTl (u(k,2), v(k,2), wk,z)),
with k = (k:x k:y) and x = (x Y z) . In these coordinates the linearised LL

and magnetostatic Maxwell equation Eq. (3.5) become

G- (ulk, 2) v(k,2) w(k,2)) =0, (3.7)
with
—V2MF 0 (8- + k)
g= 0 —V2MF* (0, — k) | - (3.8)
Yol —ke) (0. + k) (92— K?)

and F' = Q+Qp +A2(k% = 02) , F* = —Q+ Q) + A2(k? — 92) the dimesionless
LL spin-wave operators and = w/yuoMs the dimensionless frequency.
Furthermore, k? = k2 + k;, which becomes k? = k2 for spin waves travelling
perpendicular to the external magnetic field. The above bulk equation of



68

THEORY OF THE DIPOLE-EXCHANGE SPIN WAVE SPECTRUM

motion gives rise to a sixth order homogeneous differential equation in position
space, which is cubic with respect to d2. For spin waves travelling in the z
direction, perpendicular to the external magnetic field, the general solution

of Eq. (3.7) is given by the linear combination of plane waves

u(x) 6 Fy (ki + k) /V2M
v(x) | =2 Cn | Filky — ka)/vV2M, | 5, (3.9)
w(x) =1 PR

where F} = Q+Qp + A%(k* — k?) and Ff = —Q+ Q) + A?(k? — k7). The wave
numbers k; satisfy the bulk equations of motion which follow from setting
the determinant of Eq. (3.8) to zero

FY (K — k) + (1/2)(F + F) (k3 — ki) = 0. (3.10)
This is explicitly written as
(k2 — k?){ [ +1/2+ A2(k% — k2)]” — 1/4 — 92} = 0. (3.11)

We find that the bulk equation of motion in Eq. (3.10) gives rise to one volume
mode k; = +iq and two real surface modes k; = £k; 2, with {q, k1, ka} real
and positive. Furthermore, the bulk equation of motion Eq. (3.11) may be

rewritten in the dispersive form
0% = [Qp +1/2+ A%k + A%¢%)% — 1/4, (3.12)

where the precise form of the volume mode ¢ follows from the boundary
conditions on the system. From Egs. (3.10) and (3.12) we find that the
remaining two surface modes k1 2 may be expressed as

k2 = k2, (3.13a)
k3 = k2 + A2 [2Qn + 1+ A%K* + A%¢°]. (3.13b)
The surface mode with wavelength k; is the Damon-Eshbach (DE) surface

mode [76], which is confined to the surface with width 1/k,. The remaining
surface mode ko > k1 is a much more confined to the surface with a width of
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1/ko. We will find this mode to be evanescent due to the boundary conditions
of the thin film.
The exchange boundary conditions in Eq. (3.6) evaluated for the spin-wave
modes in Eq. (3.9) give
6

> Cu ki (ky + kg )b
=1

inp =0, (3.14a)

6
> CrkiFy(ky — kg )e* 02| 0, (3.14D)

=1

z=%xL/2 =

with k; € {£k1, £ko, £iq} as defined in Egs. (3.10) and (3.13). The magneto-
static boundary conditions on the other hand require a bit more work. We
start by noting that the magnetization vanishes ¥ = 0 outside the magnetic
thin film (2 < —L/2 and L/2 < z). Hence, the magnetostatic Maxwell equa-
tions (3.3) outside the thin film give V2w (x) = (—k2 + 0%)w(k, 2)e™TI = 0.

The asymptotically bound solutions outside the magnet are thus given by

e ? 2> L/2,

w(k, z)
ek* 2 < —LJ2.

(3.15)

Since the tangential components of hp are continuous across the thin film
surfaces, the scalar field w(k, z) should also be continuous across the thin
film surface. Furthermore, continuity of the normal component of b in the
Bogoliubov ansatz requires

Dk, =) =d.w(k, %) + Afgwk, ) ol ) srye (3.16)

with 2% = 240 This boundary condition (3.16) in combination with Eq. (3.15)
gives the effective magnetostatic boundary condition

(£k 4+ 0.)w(k, z) + ]\\j%[u(k, z) +v(k, 2)]|;=+1/2 = 0. (3.17)
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Evaluated for the spin-wave modes in Eq. (3.9) the above effective magneto-

static boundary condition (3.17) gives

> Cin, [(2FF Py + Ff)ox — Fiog) e B2 N " Cy Frebh 2|, _p p =0,
+ l
(3.18a)

> Cun, [FFy + F1)0z — Ffog]e™ b2 Ny Fe ™™ E2) ;0 =0,
T 1
(3.18b)

with §+ = 01,41 the Kronecker delta and k; € {£ky, £ig} as defined in Egs. (3.10)
and (3.13). Note here that we used the bulk equation of motion in Eq. (3.10)
to simplify the above boundary conditions.

3.3 DIPOLE-EXCHANGE DISPERSION RELATION
3.3.1 General derivation

For notational simplicity we introduce the dimensionless wavenumbers Ak —
k, Aqg — q and the dimensionless thickness L/A — L.

3.3.1.1  Effective boundary conditions for spin waves

We start this section by noting that Eq. (3.13) yields ky > k = k,, e/ >
e *2L/2 and |Fi| > | Fy|. This allows us to approximate the exchange bound-
ary conditions in Eq. (3.14) by

a  Frk2ePb? 4y, = cly (¢% cos[(q + 0)L/2] + kqsin[(q + 6)L/2]), (3.19a)
ay Fike ™2 4 b = cF¥ (¢? cos|(q — 0)L/2] — kqsin[(q — §)L/2]) ,(3.19b)
a_Fyk?e "2 = cF, (q? cos|(q + 8)L/2] — kgsin[(q + 6)L/2]) , (3.19¢)
a_Fpk*ef L2 = cFy (¢? cos|(q — 8)L/2] + kgsin[(g — §)L/2]) . (3.19d)
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where a4 = Cyp, by ~ Cik2F2*]{}%/2€k2L/2 and e*0L/2¢ = C44. Note that
can in principle be a complex number. For future convenience we rewrite the

above exchange boundary conditions to

by + a_Fik?e *E/% = 2¢F,q% cos|(q + ) L/2)], (3.20a)

by —a_Fpk*e "2 = 9cF kqsin|(q + 0)L/2], (3.20b)

b+ a_Fpk?e /2 = 2¢F,q? cos|(q — 0)L /2], (3.20c)

—b_ 4 a_Fpk2e"/? = 2¢F,kqsin[(q — 6)L/2). (3.20d)
where by = (Fy/F)by + ay(Fy/F)Fik?e*/? and b_ = (F,/F})b- +

a4 (Fy /Fq*)F,:‘er*kL/ 2 are free parameters since ko > k implies that b,
and b_ are — to good approximation — not restricted by the magnetostatic
boundary conditions. From here we find that the contributions of ¢ and §
can be separated by making use of the trigonometric identities

{cos[(q +9)L/2] = cos(qL/2) cos(0L/2) F sin(qL/2) sin(6L/2),
sin[(q + 6)L/2] = sin(qL/2) cos(6L/2) £ cos(qL/2) sin(0L/2).

The above trigonometric identities allow us to express b, and b_ in Eq. (3.20)
in terms of the variables a_, k and ¢, which gives

_ _F k:2 r

b+ :C]::QT]CQQ (q2 . k2)67kL/2 + qu (CSC(qL)ekL/2 o Cot(qL)e*’“L/Q) :|?
- (3.21a)

_ F k2 r

b :C]ZQ +kq2 (qQ—k‘2)€kL/2+2k'q (Cot(qL)ek‘L/Q_CSC(qL)e_kL/Q)]’

(3.21b)
where csc(gL) = 1/sin(gL) and cot(¢L) = cos(qL)/ sin(¢L). Hence, Egs. (3.20)
and (3.21) allow us to express 2CF;qu2 cos[(q £ 0)L/2] in terms of the vari-
ables a_, k and ¢, which to leading order in exponential functions is given
by

Fuk? kL/2
% (e_kL + kL csc(qL)/qL) , (3.22a)

a._ Fka kL/2 F*
K2+q F,

cFycosl(q+6)L/2] =

cly cosl(q—0)L/2] = 9 (1+ kLcot(qL)/qL). (3.22b)
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So far we have used the exchange boundary conditions Eq. (3.19) to express
2CF;qu2 cos[(¢ = 0)L/2] in terms of the variables a_, k and ¢. From here,
we impose the magnetostatic boundary conditions to find a closed expression
for ¢ satisfying all boundary conditions.

The remaining magnetostatic boundary conditions (3.18), for ky > ks,
k22 s e=k2L/2 and |Fy| > |Fy|, are well approximated by

ay (2FLFy + Ff)eFt/? — a_Fe ™ /2 =2¢F, cos[(q + §)L/2],  (3.23a)
a_(2F,F; + Fy)e 2 — a  Fye /% =2¢F} cos|(q — 6)L/2].  (3.23b)

3.3.1.2  Dipole-exchange spin-wave modes

The above magnetostatic boundary conditions together with the effective
exchange boundary conditions in Eq. (3.22) give two linear homogeneous
equations in a4 and a_. Hence, we have spin-wave solutions when the de-
terminant of this square matrix vanishes. At leading order in exponential
functions of the trigonometric contribution we find this to be the case when

(2F, +1) (3k% + ¢?)e L
e Mt D(k,q)

det =0, (3.24)

with
D(k,q) = (2F; + 1) [(3k* + ¢*) + 2k* L cot(qL)/qL]
+4k2(k* + ¢*) (1 + kL cot(qL) /qL).

In the above we used the bulk equation of motion 2F,Fy + Fy + F; =0
to obtain F/F, = —(2F; + 1). Note that we neglected 2kL csc(qL)/qL

in Egs. (3.22a) and (3.24) since it is exponentially suppressed in the equation
of motion and thus not of importance for the dispersion relation. The spin-
wave modes hence satisfy
[(Fi+ 1/2)(Ff +1/2) — /4] (38 + ¢?)
+(Fy + 1/2)263 (K + ¢°)
+(Fj, 4+ 1/2)(Ff +1/2 + k* + ¢*)2k* L cot(qL) /gL
=0.

(3.25)
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When interested in the n-th spin-wave mode the above equation is well

approximated by

(B + 1/2)(Ff +1/2) — e 2 /4] (3k* + n®n? /L? + §,n° /AL?)
+(Fpm + 1/2)2k2(k* + n?n?/L?)
+(Frp + 1/2)(F, + 1/2 4+ k* + n°n® /L?)2k* L cot(qL) /qL
=0,

(3.26)

with 6, = d,,0 the Kronecker delta, F,, = Fi|q—nx/r and F} | = Ff|qnr/L-

In order to proceed we use the identity
meot(mx) = — —I— 2z Z (3.27)

To make use of the above identity we consider mx = ¢L. Furthermore, we
note that ¢ for n-th spin-wave is in the interval nr/L < ¢ < (n+ 1)7/L. For

the n-th spin wave mode we obtain

cot(qL) 26, 9
gL L2 | P2 (n+1)2m2 Qn, (3.28)
with 0, = 0,0 the Kronecker delta and
4 1
T3 (1+n)? 3.29
TR 2 (3.29)

We expand ¢?>L? around n?7? for the n-th spin-wave mode. From here it
follows that Eq. (3.26) can be written explicitly as

an,kz‘3 + bmkz2 +cppz +dpg =0, (3.30)

with z = ¢2L? — n?72. Furthermore,

an g = — 1, (3.31a)
bng =Buk — anChp — an g (2n + 1) 72, (3.31D)
nk =(4 = 0,)Crn s — (Bnj — anCr i) (2n + )72, (3.31c)
dnje = — Cp (2 = 0p)(2n + 1)7%, (3.31d)
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and
1 — e 2kE k2L? 4 n?n? 4 85,72 /4
Bpp~-—— — (K*L? + n?n? " 3.32
R kL2 (KL A1) S Ly 2 Y o2 /4 (3.322)
I{Z3L5 % ,yfl
2C,, j, ~ mk (3.32b)

3k2L% 4+ n?w2 + 0,2 /4’

where v, . = 2(Qu+1/2+k*+n?m?/L?). For the n-th spin-wave mode Eq. (3.30)
gives the formal solution

1b,x —4P, i 1 3Qn & -3 27
= Louk : 1 , _ T (3.33
Znk 3 anp + 5 €08 | 3 arceos P \| Pk 3 (3.33)

with
dn k 1 bn k Cnk 2 bn k 3
=2 - : — [ —= 3.34
ka Qn .k 3 Qn k An,k * 27 Qn k ’ ( a)
Cn.k 1 (bnk 2
Py =k 2 (Onk ) (3.34b)
Qn k 3 Qn K

The dispersion relation of the n-th spin-wave mode is accordingly given
by Eq. (3.12)

02 = [QH+1+I<:2+”27T2 +Z"r—1. (3.35)
" 2 L? L? 4

Note that Eqs. (3.33) and (3.35) are expressed in terms of the dimensionless
wavenumber Ak — k and the dimensionless thickness L/A — L. Further-
more, Eq. (3.35) gives the dispersion relation for the dimensionless frequency
Q = w/ypuoMs. This is the main result of this paper. In Fig. 3.2 we compare
the analytic dipole-exchange mode in Eq. (3.35) with the full numeric solution.
We see that the analytic dispersion derived above is in good agreement with
the full numeric solution of Egs. (3.14) and (3.18). We like to stress that the
analytic spin wave modes given in Eq. (3.35) do not experience level crossing.
Hence, the n-th mode does not cross the (n — 1) and (n+ 1)-th energy modes.
In the remaining Subsections 3.3.2 and 3.3.3 we will simplify Eq. (3.35) for
relative thin and thick films respectively.
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Figure 3.2: The first seven modes of the dipole-exchange spin-wave dispersion relation
for Qg = 1/2 and L = 24 are shown. The dashed lines correspond to the analytic
dispersion in Eq. (3.35), while the solid lines correspond to the full numeric solution
of Egs. (3.14) and (3.18).

3.3.2  Thick thin-film approximation for the lowest exchange mode

In relatively thick films, L > O(10+/J/uoMs), for sufficiently long wave-
lengths, the lowest energetic mode will be dominated by the first exchange
mode. Away from the DE mode, we may approximate exchange mode so-
lutions of Eq. (3.24) by D(k,q) = 0 with Iy — Fy, . This is equivalent to
ank — 01in Eq. (3.30) and e=2*' — 0 and 6,,72/4/L* — 0 in Eq. (3.32). The
above results in a second order equation in z when the exchange mode has
a small avoided crossing with the DE mode. For the lowest exchange mode

n — 0 this becomes
2kL cot(qL)/qL =4k*v; — 3. (3.36)
Hence, we obtain a quadratic equation in z

bz’ 4 cpz 4+ dy, = 0, (3.37)
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where
4CY,
13 9

Cl :EC;C - T Bk, (3.38b)

dy = — mCh, (3.38¢)
and

By ~3—8(Qy +1/2 + k?)k?, (3.39a)

Cy ~ 2kL. (3.39Db)
We thus find

Ck Ck 2 dg
- _"k b R 3.40

2= gy, o) <Qbk> b (3.40)
The lowest exchange mode dispersion is thus

0% = [Qy +1/2+ K +2/1%]" - 1/4. (3.41)

In Fig. 3.3 we compare the above dispersion relation with the numeric solution
of the lowest energy mode. We find good agreement between the approximated
dispersion relation in Eq. (3.41) and the numerical lowest energy mode for
wavelengths k larger than the level crossing point with the DE mode. Note
that the above simplification is not restricted to the lowest energy exchange
mode, but can be applied to the higher exchange modes as long as there is

no large avoided crossing with the DE mode.

3.3.3  Thin film approximation for the lowest energy mode

For very thin films, L ~ O(\/J/uyMs), only the DE wave is of importance
for the lowest energy mode. For very thin films it is reasonable to assume

¢’L? < (3/4)*n2%, we may thus approximate

cot(¢L) 1 1
AR At (3.42)
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Figure 3.3: Dipole-exchange dispersion relation of the lowest energy mode for
Qp = 1/2 and L = 24. The dashed line correspond to the analytically derived
dispersion in Eq. (3.41), while the solid line gives the numeric solution to Egs. (3.14)
and (3.18) for the lowest energy mode.

10 ]
c [
o i
] L
g
= °r I
jon
9]
=
w0
wn
=
g 2} 1
R%
=i
<]
E
< 1f 1

0.01 0.05 0.10 050 1 5 10

wavenumber x thickness kL

Figure 3.4: Dipole-exchange dispersion of the lowest energy mode for Qp = 1/2
and L = 4. The dashed line corresponds to the approximate dispersion relation
in Eq. (3.47). The solid line corresponds to the numeric solution of Eqgs. (3.14)
and (3.18).
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Thus the lowest energy mode in very thin films is described by a quadratic

equation in z

apz® + brz + ¢ = 0. (3.43)
Where

ap ~ —2(Qg + 1/2 + k?)/L?, (3.44a)

by ~ By — /3, (3.44Db)

ey ~ kL6, (3.44c¢)
and

By ~ 1_2M _ %(QH T 1/2 1 k)RR (3.45a)
The lowest energy mode in very thin films is thus given by

2
L _2ch€ N (2’?62) _ %’; (3.46)

where the lowest energy dispersion relation is given by
0% = [Qy +1/24+ K +2/L%]" - 1/4. (3.47)

This is plotted in Fig. 3.4. We again find good agreement between the analytic
result in Eq. (3.47) and the numerical solution of the full boundary conditions
in Egs. (3.14) and (3.18). Note that we took §,72/4L? — 0 of Eq. (3.32) in
the very thin-film limit, since it simplifies the expressions for B and ¢ and
does not have a big impact on the dispersion relation for very thin-films.

3.3.4  Comparison with Kalinikos and Slavin [83, 84/

In the paper by Kalinikos and Slavin [83, 84] the dipole-exchange spin-
wave spectrum that follows from the diagonal approximation for spin waves
propagating perpendicular to a tangentially magnetized thin-film was given
by

Q2 = [Qu +1/2 4+ k> + n*n*/L?)? — [P, — 1/2)%, (3.48)
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Figure 3.5: The first seven modes of the dipole-exchange spin-wave dispersion relation
for Qy = 1/2 and L = 24are shown. The dashed lines correspond to the analytic
dispersion derived by Kalinikos and Slavin [83, 84] in Eq. (3.48). The solid lines
correspond to the full numerical solution of Egs. (3.14) and (3.18). We did not plot
the analytic results in Eq. (3.35) and Fig. 3.2, since it agrees very well with the
numerical solution.

10: ]
c L
o L
O L
g s
=
(<]
=]
0
N
=
g 2} 1
‘B
=)
<]
g
o

0.01 0.05 0.10 050 1 5 10

wavenumber x thickness kL

Figure 3.6: Dipole-exchange dispersion of the lowest energy mode for Qg = 1/2
and L = 4. The dashed line corresponds to the dispersion relation by Kalinikos
and Slavin [83, 84| in Eq. (3.48). The solid line on the other hand corresponds to
the numeric solution of Egs. (3.14) and (3.18). We did not plot the analytic results
in Eq. (3.35) and Fig. 3.4, since it agrees very well with the numerical solution.
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with

2L2 2L2 9 1—(=1)" —kL
= TR (z1)%e . (3.49)
k202 4+ n2n2 k202 + n2n21 46, kL

In Fig. 3.5 we plotted the spin-wave dispersion by Kalinikos and Slavin [83,
84| in Eq. (3.48) for relatively thick films. We see that the analytic spin-wave
dispersion by Kalinikos and Slavin [83, 84| shows quantitative differences with
the analytic spin-wave dispersion derived in this Chapter Egs. (3.35) and (3.41)
and the numerical solution of the full problem. For very thin films on the other
hand, we find good agreement between the theory of Kalinikos and Slavin [83,
84], the analytic results derived in this Chapter Egs. (3.35) and (3.47) and
the numeric solution of the full boundary conditions, see Fig. 3.6.

3.4 DISCUSSION AND CONCLUSIONS

We considered the theory of spin waves in ferromagnetic films. More specif-
ically, the theory of spin waves propagating perpendicular to an in-plane
magnetic field. This case is of special interest since it is the most typical
configuration used in spin wave experiments. The main result of this Chapter
is the spin wave spectrum in Eq. (3.35) which we derived by imposing the
exchange and magnetostatic boundary conditions on bulk spin wave solu-
tions. This derivation differs significantly from the derivation of Kalinikos
and Slavin [83, 84] where the magnetostatic Green’s function was used to
construct the spin wave spectrum. The boundary problem we obtained has an
accurate analytical solution which agrees well with the numerical solution and
shows quantitative differences with the commonly used theory in Refs. 83, 84]
in relative thick films. This inaccuracy of the spin wave spectrum that follows
from the diagonal approximation in the theory by Kalinikos and Slavin [83,
84| has already been observed by Kreisel et al. [77|. Furthermore, our results
could be verified experimentally, for example using Brillouin light scattering
and spin-wave spectroscopy [94].

Future research could generalize the method presented here to describe
spin waves propagating in an arbitrary direction with respect to a generally



3.4 DISCUSSION AND CONCLUSIONS

oriented external magnetic field. This is relatively straightforward for in-plane
magnetizations. Another way to generalize this model is to include the effects
of both surface and boundary anisotropies. Lastly, the magnetization profile
of spin wave modes could relatively straightforwardly be determined from
the spin wave spectrum in Egs. (3.35), (3.41) and (3.47).
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Part 11

APPLICATIONS OF NEGATIVE ENERGY
MODES AND NON-LINEAR DYNAMICS

“If you think you’re boring your audience, go slower not
faster.”

—Credited to Gustav Mahler.

“How wonderful that we have met with a paradox. Now
we have some hope of making progress.”

—Niels Bohr.






ENHANCED MAGNON SPIN CURRENT USING THE
BOSONIC KLEIN PARADOX

This Chapter is based on J. S. Harms, H. Y. Yuan, and R. A. Duine,
“Enhanced magnon spin current using the bosonic klein paradox,”
Physical Review Applied 18, 064026 (2022). R.A.D. conceived the
project, J.S.H. did the analytic calculations and H.Y.Y performed the
numerical simulations. H.Y.Y and J.S.H. prepared the manuscript.
All authors contributed to the manuscript.

We propose to amplify magnon currents based on the realization of the
bosonic Klein paradox in magnetic nanostructures. This paradox involves the
antimagnon, carrying opposite spin and energy, whose existence is usually
precluded by ferromagnetic instabilities as it is an excitation at negative energy.
We show that, by appropriately tuning the effective dissipation through spin-
orbit torques, both magnons and antimagnons are dynamically stabilized.
As a result, we find that the reflection coefficient of incident magnons at an
interface between two coupled magnets can become larger than one, thereby
amplifying the reflected magnon current. Our findings can lead to magnon
amplifier devices for spintronic applications. Furthermore, our findings yield a
solid-state platform to study the field theoretical behavior of bosonic particles,

which is an outstanding challenge with fundamental particles.
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4.1 INTRODUCTION

We show that the magnon spin current can be significantly amplified at
an interface between a magnet that is not driven externally and a magnet
into which angular momentum is injected using spin-orbit torque (SOT)
[60, 95-98|. By designing the balance of this external driving with intrinsic
dissipation, both magnons (positive-energy excitations) and antimagnons
(negative-energy excitations) are dynamically stabilized. This results in en-
hanced reflection of magnons from the interface with the driven-dissipative
magnet. The enhanced reflection is accompanied by a transmitted antimagnon
current. This suggests a method to amplify magnon spin currents that is
relatively straightforward to implement, which may be generalized to both
ferromagnetic and antiferromagnetic materials, different types of driving,
and to both metals and insulators. Below, we explicitly illustrate the basic
physics for a magnetic heterostructure involving yttrium-iron-garnet (YIG)
and platinum.

Our result can be interpreted as a realization of the bosonic Klein paradox,
which refers to the counterintuitive reflection or transmission of relativistic
particles from a potential barrier [99-104|, and is a natural consequence of
quantum field theories. The experimental test of this paradox using funda-
mental particles is nearly impossible because of the extremely high energy
barrier that needs to be overcome [105]. While its solid-state realization
for fermionic particles in 2D materials with gapless excitations was recently
reported [106-108], the study of the Klein paradox for bosonic quasiparticles
remains an outstanding challenge because the presence of bosonic antiparticles
in a solid-state system usually signals instabilities. In our implementation,
these instabilities are prevented by the external driving via SOT. Hence, in
addition to the application-motivated magnon amplification that is discussed
above, our results launch driven magnetic systems as a suitable solid-state

platform to experimentally study field theoretical of bosonic particles.
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4.2 PHYSICAL MODEL
4.2.1 Set-up and magnonic and antimagnonic excitations

We consider two exchange coupled ferromagnetic (FM) insulating thin films
adjacent to a heavy-metal layer (HM) subject to an in-plane external magnetic
field in the z direction, as shown in Fig. 4.1(a). The magnetization of the right
FM aligns antiparallel to the external field. This situation is energetically
unstable but dynamically stable due to the presence of an electrical current
in the HM layer which exerts a SOT on the magnetization dynamics. This
can be understood as follows: the spin current produced by the electric
current through the spin Hall effect in the HM will keep injecting angular
momentum to the FM layer to counteract the damping of magnetization and
to prevent the magnetization to align with the external field, thereby yielding
a region with dynamically stable antimagnons. In general, the dynamics of the
magnetization n, = M, /Mj is well described by the Landau-Lifschitz-Gilbert
(LLG) equation with SOT [60], i.e.,

aar;u = -7, X hef‘f,y + an,, X aar?j
where v = L, R labels the (L)eft and (R)ight magnet, and, ~ is the gyro-
magnetic ratio, « is the Gilbert damping and J,, characterizes the strength

+Jon, X 2 X n,, (4.1)

of SOTs generated by the spin current which depends on the current flow-
ing in the HM layer, the spin Hall angle of the HM and the properties of
the interface. The LLG equation describes damped precession around the
effective magnetic field heg, = —0E, /(Msén, ), with M, being saturation
magnetization. Here, we consider the magnetic energy functional F,[n,] in

the left and right magnet to be of the form
1
E, = dV{A(VZ'nV)2 — poHe Mg, + 2an2/’y}, (4.2)

with A the exchange stiffness, H. , is the external magnetic field strength,
po is the vacuum permeability and K = pgM?2 the effective shape anisotropy
caused by the dipolar interaction.
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Figure 4.1: (a) Schematic of the driven-dissipative magnetic system containing
two exchange-coupled magnetic films. (b) Magnon dispersion for the left and right
ferromagnets respectively. The red dotted curves give the positive energy excitations
while the blue curve corresponds to the negative energy excitations. In other words,
negative energy excitations exist for the wavenumbers —2.1 < Ak < 2.1 between the
zeros of the dispersion in the right magnet. (c¢) Physical picture of the anomalous
magnon reflection. Blue and red arrows represent the directions of phase and group
velocity, respectively.



4.2 PHYSICAL MODEL

Spin waves or magnons are introduced as linear dynamical fluctuations on

top of the equilibrium magnetization ng, with ng; = e, and ng p = —e..

By introducing the complex field ¥, = (1/4/2) (& Fi§) - n,, the linearized
LLG equation [109-111] accordingly becomes

(141 v, v,
M = (L4 +il,1) ’ (4.3)
Yo Ms N N
with
Ly = (A+h, —A*V?) o, +iAoy. (4.4)

In the above, o, ., are the Pauli matrices, A = \/2A4/ugM2 the exchange
length, h, = H.,/M, the dimensionless external magnetic field, A =
K/2p10M? = 1/2 the dimensionless anisotropy constant and I, = J,, /oM
the dimensionless SOT. The =+ sign in the definition of ¥, and Egs. (4.3)
and (4.4) comes from the linearization around the +e, direction in the left
and right ferromagnets respectively. We introduce spin wave solutions of the

linearized LLG equation (4.3) in the form of Bogoliubov modes

W, (x,1) = u, (x)e M — ¥ (%)t (4.5)

v

Here, the Fourier transform of u, (x) and v, (x) satisfy, up to first order in «
and I,,, the following dispersion relation

wiw ~wy, —1 (o [AL£h, + Ak - 1), (4.6)
with w = A/yuoM; the dimensionless frequency,

(@,)? = (A+h, — A%?)% — A%, (4.7)
the dissipationless dispersion relation and

W || = lutewl® = [view |, (4.8)

the norm of the two different branches of Eq. (4.3) [112]. In Fig. 4.1(b) we
plot an example of the real part of the dispersion relation for both the left
and right ferromagnets, with hr, = 0.5 and hg = 4.5 and w > 0.
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At this point it is good to take a step back to stress a couple of things.
First of all, the dissipationless limit of Eq. (4.3) is pseudo-Hermitian, in other

words
O’Z/:,L:O'z =Lq. (4.9)

A consequence of this statement is that the magnon norm || ¥y , || in Eq. (4.8)
is conserved in the dissipationless limit. Secondly, Eq. (4.3) has the additional

symmetry
0z (Ly +iaw* o, + il )0, = —(L4 — iawo, +1i,1)". (4.10)

This implies that if w is an eigenfrequency of Eq. (4.3) with eigenmode
(u,, v,,)T, then —w* is also an eigenfrequency with eigenmode (vl’j u,’j)T
These two modes have opposite norm by construction. Hence, the two branches
of Eq. (4.3) are related to each other via particle hole symmetry. In our
magnetic system, this doubling is not physical, but merely a result of our
choice to describe spin waves using complex scalar fields. Hence, in order to
describe the full dynamics of the system it is sufficient to consider w > 0 and
take into account the norm of different modes.

From this point onwards we refer to the positive norm excitations as
magnons, and the excitations carrying negative norm as antimagnons. This
distinction between magnons and antimagnons is only allowed if one would
solely consider excitation with positive sign of w, i.e. w > 0. Note that it is
sufficient to consider w > 0, due to the particle doubling. We can make two
important observations. One, anti-magnons only exist in the right magnet.
And second, antimagnons carry negative energy and most importantly they
have opposite handedness w.r.t. the magnonic excitations.

The antimagnons in this setup can be stabilized, since in driven magnetic
systems, energetic and dynamical stability do not necessarily coincide. For
the system to be dynamically stable we need

Im(wi,) ~ Im (wp ) — o [A+hy, + A*K?] + 1, <0, (4.11)

for all wavenumbers k, because then small-amplitude fluctuations die out.
This identity imposes that the magnons on the right side are dynamically
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stable if —Ip 2 max [a(hr — A), A]. Whereas, energetic instabilities exist if
the (anti)magnon excitation energy is negative, i.e. || Uy || wﬂ’y < 0. We thus
note that the magnons on the right FM are energetically unstable for a range
of wavenumbers but may be stabilized by injecting angular momentum via
SOT, see Fig. 4.1. Physically, this means that the internal energy of the right
ferromagnet can be lowered by small spin fluctuations (antimagnons), but
injection of angular momentum prohibits the system to reach a new ground
state.

4.2.2  Exchange coupling at the interface

Additionally, the left and right thin films are exchange coupled !, which
results in effective boundary conditions for the magnetization. In terms
of the Bogoliubov ansatz (4.5), the four boundary conditions follow from
varying the energy functional in Eq. (4.2) after including the boundary term
Ey, = —Jeng(0) - ng(0) at the interface (z = 0). This gives

Adzpr, — Ac(pr + 1) =0, (4.12a)
Adzpr + Ac(or + or) =0, (4.12D)

with ¢ = u,v and A, = J./AyuoMs. To analytically solve the scattering
problem, we shall first focus on the isotropic case (A = 0) and further show
the essential physics still holds for elliptical magnons (A # 0).

Here the interface of left and right domains may be a normal-metal layer that generates
the interlayer exchange interaction between left and right domain, an irradiated region
where magnetic parameters can be effesitively designed or other regions that could induce
an effective exchange coupling between left and right domains.
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4.3 SCATTERING OFF THE INTERFACE

Due to doubling of the modes we consider w > 0 without loss of generality.
Solutions of Eq. (4.3) without dissipative terms have the form

= ek, (4.13)

v(x) U
At a given w > wpin = hr, we find four different wavenumbers k. In the left
region with only positive energy excitations, we find two real k%, le and two
complex k‘f_, kY wavenumbers. These wavenumbers are, according to Eq. (4.6),

given by

Akl = +vw—hr, Ak =FiVo+hr (4.14)

The complex modes are either blowing up or are damped, where only the
damped mode is physically allowed [113]. However, in the right magnet — mag-
netized against the external magnetic field — there are four real wavenumbers
if w < Wmax = hpr, which are explicitly given by

r/l = +v/w+hg, AkE=4sgn(w— hg)vVhg —w. (4.15)

The k, and k; modes correspond to positive energy modes (magnons) with
positive and negative group velocity respectively. Furthermore, k. and k_
correspond respectively to additional right- and left moving modes carrying
negative energy (antimagnons). We included sgn(w — hg) in the expression of
k+ here, such that k4 corresponds both to the right moving negative energy
mode and the exponentially damped mode when w > wpax = hig.

We now construct the scattering solutions satisfying the boundary condi-
tions in Eq. (4.12). The general solution for bulk modes at frequency w are

given by

uy () :A,'fukhl,eikm + A}’ukweiklm + AiukJr,,,eik*z + A’iukﬂyeik‘x,
(4.16a)
ik_x

(4.16b)

vy () :A‘T’vkh,,eim + A}’Ukl,l,eikl”” + Ai%ﬁ,,eik*m + A% vy e
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with A% are amplitudes of the scattering modes in Eqgs. (4.14) and (4.15)
and (ug,, vg,) solutions to Eq. (4.3) with ansatz (4.13) and normalization
condition ||u,x|? — v, x|*| = 1. By disregarding spatially growing modes, the
boundary conditions in Eq. (4.12) for incident magnons from the left imply

1 AR
AF 0
M| 7| = e (4.17)
0 AR
AL 0

Here, the matrix M is defined by the boundary conditions given in Eq. (4.12)
and is given by

Mo ] 0 1 ® AL =1 ML —1
A=A \o 0 L= AR AL, 1—AR AL
(4.18)
— 1 R 00 ® AN =1 AN -1 ,
Avi— ~ Ao+ \1 0 1= AR AL 1 AEL
with
AL =+iAT Ak — 1and A, = AT Ak; — 1. (4.19)
By solving (4.17), we derive the reflection amplitudes as,
1= XF NG
Af = ——2mr Al = (4.20)
1- )‘v,—l-)\u,l

We want to find the ratio between the incoming and reflected magnon spin
current. Here, we define the spin current as the spatial current following from
the conservation of the norm — without dissipative terms — || ¥ = |u|? — |v|?
i.e., —i0|| V|| F Aid,Js = 0. Using the equations of motion (4.3), we find that

the spin current is given by iJ;A = ud,u* — u*d,u +v9,v* — v*d,v. Far from

Y

the interface, the Fourier transform of the spin current is dominated — for
wave packets — by

To/ A= 1A ks (lug, > + Jor, %) - (4.21)
k;
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Finally, we derive the reflection coefficient as the ratio of reflected and incident
spin currents, by combining Eqs. (4.14), (4.20) and (4.21),

R = —J 0T = AP, (4.22)

We now distinguish between the cases w > hr and hy < w < hg. (i) If
w > hp then |AF|? = 1, hence we have perfect reflection in this instance. (ii)
If hy < w < hg, then the reflection coefficient

- hr — hr + AC*Z(w — hL)(hR — w) + 2\/&) — hL\/hR —w
hr —hr + A?(w — hr)(hg — w) — 2v/w — hpvVhr — w

R? (4.23)

For A, > hr — hr/2, the above expression is maximal at w = (hr + hr)/2
with the maximal reflection
R2

max

=14 8A2/(hgr — hy). (4.24)

On the other hand, if A < Vhr — hr/2, the expression (4.23) is maximal
for w = (hg + hr)/2 £ \/(hr + hy)(hr + hy — 4A2)/4 with the maximal
reflection

g2 Vhe—ho +|A|
max /hR — hL _ |AC’

For both cases, we find the maximum reflection Ry, > 1, which gives rise to

(4.25)

spin wave amplification and is the magnonic analogue of the Klein paradox.

The physical picture of this anomalous reflection is illustrated in Fig. 4.1(c).
Magnons with angular momentum (AM) 7 are excited in the left domain and
incident at the interface. The overlap of the magnon band in the left magnet
with the antimagnon band in the right magnet, produced by the unequal
external fields, guarantees that the magnons can propagate into the right film.
According to AM conservation, a magnon current with AM 7 propagating
forward is expected to be produced in the right domain. However, magnons
with AM A are forbidden due to the antiparallel orientation of magnetization
with respect to external field. To conserve AM, antimagnon currents with
AM —h propagating backward are generated and thus enlarge the reflected
current. Throughout the scattering process, the group velocity of transmitted
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Figure 4.2: Steady state n, of the right magnet as a function of current density (J)
obtained by simulations. The insets shows the simulated magnon spectrum for J = 0
and —1.5 x 10712 A /m?, respectively. The white lines are the analytical dispersions.
The horizontal dashed line is the driving frequency of the microwave (wg/2m = 20
GHz) to initiate magnon scattering.

antimagnons (vy) is always positive to guarantee the forward flow of energy.
As a comparison, in the original Klein paradox, an electrostatic potential lifts
the positron band in the right region and makes it overlap with the electron
band in the incident region, while in the present case an inhomogeneous field
lifts the antimagnon band and makes it overlap with the magnon band (see

Appendix A).

4.4 NUMERICAL VERIFICATION

To verify the analytical predictions and to account for effects of dissipation
and non-linearities, we perform micromagnetic simulations on two exchange-
coupled ferromagnetic thin films as shown in Fig. 4.1(a) (see Appendix B for
simulation details). Here the inter-domain coupling A; is a tunable coefficient
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and is related to J. in the theory as J. = —2A4;/d. By applying a global driving
microwave h(t) = hgsinc(w.t)z with w./27 = 100 GHz and hy = 50 mT, we
first quantify the response of the magnetic system and identify two regimes
as shown in Fig. 4.2. (i) When the current density J > —1.4 x 102 A/m? |
the antiparallel state of the right domain (ng || —hp) is dynamically unstable
and the magnetization switches to the parallel state spontaneously (ng || hr).
The magnon spectrum of the right magnet for the steady parallel state is a
normal parabola (left inset of Fig. 4.2) 2. (ii) When J < —1.4 x 10'2 A/m?,
the antiparallel state becomes dynamically stable and the antimagnon states
in the negative energy branch are excited, and a sombrero-like spectrum is
identified (right inset of Fig. 4.2), consistent with the theory.

To study the magnon scattering off the interface between left and right
magnets, a microwave source h(t) = hgsin(wot)z is applied at the left domain
at = —dg;, with dg; = 800 nm. The excited magnons propagate in the 42
direction and scatter at the interface (z = 0). By making a Fourier transform

3 we derive the response of

of nz(z,y,t) in the propagating direction ()
the system in momentum space as shown in Fig. 4.3(a). An antimagnon
state with k; < 0 is clearly identified in the right domain while the reflection
coefficient is larger than one. This demonstrates the enhancement of magnon
spin current via an analogue of the Klein paradox. In the absence of injection,
the antimagnon current is barely excited. A detailed analysis of the evolution
of incident, transmitted and reflected magnon current further verifies their
correlation (see Appendix C).

Figure 4.3(b) shows that the reflected coefficient, defined as the peak-height

ratio of the reflection magnons and incident magnons, increases with inter-

Here the lineshape of dispersion is consistent with the theoretical predictions (white lines),
while we also notice a series of standing wave modes in the transverse direction (kyw = n,
n =0,1,2,...). For a real magnetic film with a sufficiently larger width, the lower modes of
the standing waves will merge together. This will not have a significant influence on our
results.

Here to eliminate the influence of magnons on the regions z < —d;, which have the same
wavevector and propgating direction as the reflecting magnons, the FFT is only performed
at the region between the microwave source and the interface while same sized region is
taken in the right domain.
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Figure 4.3: (a) Scattering of magnons at the interface of left and right domains.

ho =10 mT, A;/A = 1. The red vertical lines represent the theoretical predictions
of magnon wavevectors. (b) Reflection of magnons as a function of inter-domain
exchange couplings. The DMI strength is D = 0 (red circles) and D = 0.1 mJ/m?
[114] (blue triangles). The purple dashed line is prediction by Eq. (4.23), and the
solid line is the prediction with shape anisotropy.

97



98

ENHANCED MAGNON SPIN CURRENT USING THE KLEIN PARADOX

domain exchange coupling. For comparison, we also simulate the magnon
scattering in the parallel configuration (ng || hgr) and find that the reflection
keeps decreasing to zero with increasing the coupling between the magnetic
films (black diamonds). As expected, no antimagnon state is excited in this
case. We find a good agreement between the analytical prediction in Eq. (4.23)
and the micromagnetic simulations for small couplings. For large exchange
couplings, however, we see quantitative differences, which are not explained
by including dipolar anisotropy — see purple solid line in Fig. 4.3(b). We
expect the quantitative difference at large couplings to stem from non-linear
effects, which are not treated in the analytical formalism. The reflection
amplitudes become increasingly large at increasing couplings, thereby making

non-linear effects important.

4.5 DISCUSSIONS AND CONCLUSIONS

In conclusion, we have analytically shown and numerically confirmed that the
magnon spin current can be amplified through the realization of the bosonic
Klein paradox in a driven-dissipative magnetic system. The Dzyaloshinskii-
Moriya interaction (DMI) caused by the interfacial symmetry breaking in
the hybrid system does not change the results significantly, as shown in Fig.
4.3(b). In our proposal, we dynamically stabilize the antimagnons by the
SOT. The essential physics is applicable to a wide class of materials and
driving knobs which are able to maintain the magnetization against the
external field. For example, electric currents through spin-transfer torque
[115], optical waves through magneto-optical interaction [116] and other
effective techniques capable of producing a positive damping of the magnons.
Our proposal therefore can be realized in ferromagnetic insulators as well as
metals. Experimentally, the magnons may be detected by optical, inductive
and even electric techniques [117-119].



4. COMPARISON BETWEEN ORIGINAL AND MAGNON KLEIN PARADOX

4.A DETAILED COMPARISON BETWEEN THE ORIGINAL AND THE
MAGNON KLEIN PARADOX

In this section, we address the analogue between the original Klein paradox
and the magnon Klein paradox presented in the main text. In the original
Klein paradox, Klein studied scattering of an electron off a potential barrier
[99], as shown in the top panel of Fig. 4.4(a). The electrostatic potential
in the right domain will lift the negative energy band of positrons [blue
line in Fig. 4.4(a)| and makes it overlap with the positive energy band of
electrons on the left (red line). Then, the incident electrons from the left

domain can excite positron current moving to the right in the right domain.

This corresponds to left-moving electron current and thus could enhance the
reflection of electrons at the interface. A detailed treatment of this scattering
process can be found in the literature [104]. In the magnon Klein paradox,
an inhomogeneous external field, for example, can induce the band overlap of
the magnons band in the left domain with the antimagnon band in the right
domain, as shown in Fig. 4.4(b). Again, the antimagnon current generated
at the interface enhances the strength of the reflected magnon current. The
underlying physics of the original and magnon Klein paradox is therefore the
same. This is so despite that the magnon bands on the left and right domains
also overlap, but their coupling is very weak in our setup, and thus does not
change the essential physics.

4.B PARAMETER SPECIFICATION IN NUMERICAL SIMULATIONS

The magnetization dynamics of the two exchange-coupled magnetic films
are simulated by numerically solving Eq. (5.2). Note that the dissipation
of magnon spin current caused by its interaction with the environment is
phenomenologically covered by the Gilbert damping, while identifying its
microscopic mechanism including spin-orbit interaction, spin pumping and
two-magnon scattering [25] is not the focus of our current work.

The dimensions of the nanostrip on each domain are length [ = 2048 nm,
width w = 64 nm and thickness d = 2 nm. The SOT strength J; = 0, and
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(a) v Original Klein paradox
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Figure 4.4: Comparison between the original and magnon Klein paradox. The top
panel (green line) sketches the “potential” distribution while the bottom panel

sketches the dispersion relation of particles (red lines) and antiparticles (blue lines).



4.B CORRELATIONS OF THE MAGNON SPIN CURRENT

Jr = JhOsu/(2M;sleld), where J is current density, Ogg is the spin-Hall
angle of the heavy-metal layer, and e is electron charge. Here we use the
magnetic parameters of YIG /Pt, i.e., exchange coefficient A = 3.1x107'2 J/m,
saturation magnetization M = 1.92 x 10° A /m, spin-Hall angle gy = 0.1
[120], Gilbert damping o = 10~2. The inter-domain coupling 4; is assumed
to be a tunable coefficient and it is related to the coupling coefficient J.
in the theory as J. = —2A4;/d. The mesh size is 2 x 2 x 2 nm?. Absorptive
boundary conditions are taken on the left domain to eliminate the influence
of boundary reflection of magnons. The Mumax? [121] package is employed
to numerically solve the LLG equation (5.2).

4.C CORRELATIONS OF INCIDENT, REFLECTED, AND TRANSMIT-
TED MAGNON SPIN CURRENT

In the main text, we consider a classical model in which the antimagnons
in the right domain can only be excited by an incoming magnon current
from the left domain dynamically stabilized by SOTs. Without an incoming
spin current from the left magnet, the right domain stays in the dynamically
stabilized state, where the magnetization is pointing against the external
field. Continuous emission of antimagnons would be present in a quantum
mechanical treatment of the problem since there is no true ground state of the
system. This can be interpreted as an analogue of Hawking radiation. Since
we are considering a classical theory in this Letter, spontaneous emission of
antimagnons is not captured by our classical model.

To verify the temporal correlation of antimagnon excitation and injected
magnons, we plot the evolution of incident, reflected and transmitted magnon
spin current in Fig. 4.5. Right after the microwave source located in the left
domain is turned on, the excitations of both magnons and antimagnons are
nearly zero [Fig. 4.5(a)|, where the tiny excitations are mainly resulting from
the fluctuation of spins in the ground state. Around 0.5 ns, the magnons on
the left domain are significantly injected and propagate toward the interface
|[Fig. 4.5(b)]. Around 0.7 ns, the magnons reach the interface of left and right
domains and inject the antimagnon current in the right domain [Fig. 4.5(c)].
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Meanwhile, the reflected spin current appears and is amplified. As more
antimagnons are excited, the reflection also becomes stronger [Fig. 4.5(d)].
This indeed verifies the temporal correlation between incident, reflected and

transmitted magnon spin current.



4.C CORRELATIONS OF THE MAGNON SPIN CURRENT
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Figure 4.5: Evolution of incident, reflected and transmitted magnons at ¢ = 0.05 ns
(a), 0.5 ns (b), 0.7 ns (c¢) and 1.0 ns (d), respectively. The microwave source located
on the left domain is turned on at t = 0 ns to excite magnons and then the magnons
propagate toward the interface 800 nm away from the microwave source. All the
other parameters are the same as Fig. 3(a) of the main text.

103






NON-LINEAR DYNAMICS NEAR EXCEPTIONAL
POINTS OF SYNTHETIC ANTIFERROMAGNETIC
SPIN-TORQUE OSCILLATORS

This Chapter is based on R. A. Duine, V. Errani, and J. S. Harms,
“Nonlinear dynamics near exceptional points of synthetic antiferro-
magnetic spin-torque oscillators,” Phys. Rev. B 108, 054428 (2023).
R.A.D. conceived the project, J.S.H. did the analytic calculations and
V.E performed the numerical simulations. V.E. and J.S.H. prepared
the manuscript. All authors contributed to the manuscript.

In this chapter, we consider a synthetic antiferromagnetic spin-torque os-
cillator with anisotropic interlayer exchange coupling. This system exhibits
exceptional points in its linearized dynamics. We find the non-linear dynam-
ics and the dynamical phase diagram of the system both analytically and
numerically. Moreover, we show that, near one of the exceptional points, the
power of the oscillator depends extremely sensitively on the injected spin
current. Our findings may be useful for designing sensitive magnetometers

and for other applications of spin-torque oscillators.

5.1 INTRODUCTION

For the design of many applications, such as magnetometers, converters and
amplifiers, a strong response to perturbations is preferred. One way to achieve
this strong response, is to make use of the existence of exceptional points
(EPs) [122-124]. EPs are characterized by a square-root dependence of the
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imaginary part of the eigenfrequencies on some system parameters, which
enables a large dynamic response as a result of a small change in a parameter.
Mathematically, EPs correspond to the coalescence of different eigenvalues
and eigenvectors in parameter space |62, 125]. EPs are studied intensely since
they might lead to better sensors [122-124|, and yield a variety of interesting
phenomena such as lasing [126], spontaneous emission [127], and give rise to
geometric phases when encircling them [128|. Examples of physical systems
that exhibit EPs are optical microcavities [129] and other photonic systems
[124, 130], optical lattices with engineered defects [131], electromechanical
systems [132], superconducting resonators [133], nodal superconductors [129],
semimetals [134-136] and magnetic systems [137-143|. While EPs have been
studied intensely in the linear regime, the non-linear regime remains relatively
unexplored.

In this Chapter, we consider a synthetic antiferromagetic (SAF) spin-
torque oscillator (STO), i.e., a spin-torque oscillator that consists of two
magnetic layers that are coupled by the Ruderman—Kittel-Kasuya—Yosida
(RKKY) interactions. We consider the situation that one of the two magnetic
layers is driven by means of the injection of spin current. This could be
achieved by spin-orbit torque or by spin-transfer torque [144|. Generically,
an STO is a magnetic system in which the damping is compensated by the
injection of spin angular momentum from a spin current to yield precessional
magnetic dynamics [143, 145-147|. These oscillators have potential for a wide
range of applications, such as detectors, microwave signal sources [148, 149],
microwave-assisted magnetic recording and neuromorphic computation [150,
151].

The SAF STO that we consider has anisotropic RKKY coupling and
exhibits EPs in its linearized dynamics. We consider the full non-linear
dynamics analytically and find the limit cycles of the magnetization dynamics.
Moreover, we show that the dynamics becomes relatively simple close to
the EPs because the power and precessing frequency depend linearly on
the injected spin current. These analytical results agree with numerical
computations and lead to a complete understanding of the steady-state
behaviour of the system. Furthermore, we find from our analysis that the
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magnetization dynamics is extremely sensitive to small changes in parameters
in the sense that the slope of the steady-state power with respect to injected
spin current diverges close to one of the EPs. This result cannot be obtained
from a linear analysis and the non-linear description is therefore needed. A
complementary work to ours is that of Deng et al. [152] who numerically
consider the non-linear dynamics of an STO near a different type of EP.
Another recent closely-related complementary work is that of Ref. [153].
The remainder of this Chapter is organized as follows. In the next section, we
present the model and determine the eigenfrequencies and stability conditions
from a linear analysis. In the second section, we consider the non-linear
dynamics close to the EPs and find the limit circles of the magnetic dynamics.
In the third section, we consider the magnetization dynamics numerically
and find the dynamical phase diagram. We end with a brief conclusion and

outlook.

5.2 LINEAR ANALYSIS

We consider a spin-torque oscillator composed of two RKKY coupled nano-
magnets subject to the same external magnetic field and uniaxial anisotropy,
see Fig. 5.1. For simplicity, we take both magnetic layers to be identical.
Furthermore, spin angular momentum is injected into the bottom magnetic

layer. The magnetic energy is given by

E=—B(my,+mr.) —K(m%]jz—i—miz)/Q (5.1)

- JJ_ (mU,xmL,x + mU,ymL,y) - szU,sz,z )

where U denotes the upper- and L the lower macrospin, and mp, y; the
i-th Cartesian component of the macrospin. Furthermore, K is the uniaxial
anisotropy constant, B > 0 the external magnetic field directed along the z
axis, J) the in-plane RKKY interaction, and J, its out-of-plane component.
We take the RKKY interaction to be anisotropic because, first of all, it will
typically be anisotropic, and second, the anisotropic coupling enriches the
phase diagram.
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SPIN CURRENT

Figure 5.1: A synthetic antiferromagnetic spin torque oscillator in an external
magnetic field B2Z. Spin angular momentum is injected into the bottom magnetic
layer.

For temperatures below the Curie temperature the magnetization dynamics
is well described by the Landau-Lifschitz-Gilbert (LLG) equation with the

inclusion of the injected spin current

om om ~
aty =-m, X heg, + am, x (9_751, + I, m, x (m, x %), (5.2)

with the effective field heg, = —y0E/ém, . Here, v denotes either the lower
(L) or the upper (U) macrospin, « the dimensionless Gilbert damping and

I,y =0, Iy 1, = Iy > 0 the spin current. The sign of the spin current is such
that it tends to align the bottom magnetic layer against the external field.
Since the Gilbert damping is typically small, o« < 1, we work in most of
what follows to lowest order in « and discard terms of the order ol as well.
Furthermore, we set v = 1 so that B, K, J, and J, have units of frequency.

For the case that K > 0, the magnetic energy (5.1) yields four configurations
where the torques on the magnetization direction in both layers vanish
simultaneously: these are both layers pointing up, both pointing down, and
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the two anti-parallel configurations. Depending on the parameters, these
configurations are energy extrema that are stable, or unstable. For large
fields, the configuration with both spins pointing up is stable. For large spin
currents, the bottom layer is forced to point downward, while, depending on
the strength and sign of the RKKY coupling, the top layer may point down
or up.

The most interesting configuration for our purposes is the antiparallel
configuration. As we shall see below, the linearized dynamics around this
configuration yields an EP. This may be anticipated because, in the absence
of dissipation, i.e., when o = 0 and I5 = 0, the antiparallel configuration in an
external field is reminiscent of a system of two coupled harmonic oscillators
with one of the oscillators having a potential energy that is inverted. This
latter system is known to yield an EP [154]. Because Is > 0 we consider the
situation where the bottom magnetic layer is pointing against the field.

We investigate the stability of a given magnetic state by linearizing the LLG
equations for small deviations around that state. For the reasons mentioned
above, we focus on the antiparallel configuration with the magnetization
of the bottom layer pointing against the external field, which yields the
eigenfrequencies

(@® +Dwy = B —ia(K - J.) — (i— a)l/2

+\/IK — . — 0B+ (i—a)[./2? — (a2 +1)J2 . (5.3)

From this expression, we find that the parameters for which the system
exhibits an EP by setting the expression under the square root equal to zero.
To lowest order in « and I this yields JJQ_ = (K — J.)? and I, = 2aB. Close
to this EP and, in particular, when the expression underneath the square-
root is negative, the imaginary part of the eigenvalues depends strongly on
small changes in parameters. Physically, this implies that a small change
in parameters may yield a strong dynamic response, because a positive
imaginary part of the eigenfrequency corresponds to exponential growth of
small-amplitude fluctuations. By determining when the imaginary part of the
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above eigenfrequency changes sign, we find that the antiparellel configuration

is stable when

—K =L+ K = LB/\J(K = )2 = 7}

I

— > , (5.4a)
20 L [K = /(= )2 = 77

L K= J— K= LB - )=

2—5 < : (5.4b)
a 1= [K = Lol /(K = )2 = J} .

In the next section we focus on the non-linear dynamics outside this range
of dynamical stability. As we shall see, the power of the STO is extremely
sensitive to small changes in the current around this EP for K > 0, but not
when K < 0.

5.3 NON-LINEAR DYNAMICS

In this section we discuss the non-linear dynamics of the system described in
Section 5.2 and in specifically focus on the limit cycles of the model.

The reactive dynamics is formulated by means of the Poisson bracket
{ma,mg} = €apymy. From here we define the canonical coordinates py/r, =
myr,. and Oy, = arctan(my,r,,/Mmy/r..), that correspond to the total
power and angle of the oscillator and which have non-zero Poisson brackets
{ru/L,0u/r} = 1. We continue performing yet another coordinate transfor-
mation that makes use of the rotational symmetry around the z-axis:

p=(puv+pr)/2, n=(pv—pL)/2,
0:9U+0L, ¢:9U_0L>

(5.5)

where p € [—1,1] and n € [-1 + p,1 — u|. The above coordinates have
{n,0} = 1 and {n,¢} = 1 as non-vanishing Poisson brackets. In these
coordinates the Hamiltonian (internal energy) in Eq. (5.1) becomes

h=FE=-2Bu— K’ +1°) — L(11* —n?) (5.6)
— TV = (e + )21 = (1 —m)?| cos(9),
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where the rotation symmetry around the z-axis ensures that the right-hand
side of the above does not depend on #. The Hamilton equations of motion

are accordingly given by

U :{M7 E} = {M7 g}aHE =0, (57&)
2J L p(1 + 1% — p?) cos(¢)

0 =2B+2(K + J.)pu — , b

Y e e [ ) 1)
o o 20um(1 + g = n?) cos(9) .
O I T e A = Gl 1)
i =2J1V/[1— (p+n)2[L — (u—n)?]sin(g), (5.7d)

where the rotation symmetry guarantees that the total power is conserved.

For the limit cycles we expect ¢ =1 = 0, since both spins experience the
same magnetic field strength and are thus expected to have equal angular
velocity. Using this ansatz, we find two possible expressions for the difference
in power 7 in terms of the total power u for J? < K2, which are given by

2’K_ Jz||lu|
\/(K —L2—J?

n=0, 7" =1+u’- (5.8)

In case J? > (K — J,)? we are only left with = 0 as a solution, since we
require n to be real.

The model under consideration furthermore has dissipative contributions

in the form of Gilbert damping and the injection of spin angular momentum.

Up to first order in the Gilbert damping constant « the dynamics of total
power p and the relative power 1 due to Gilbert damping is given by

/o =B+ (K +J)ul (1 —p* —n*) —2(K — L)n’p
— TV = ()21 = (= n)? cos(¢)p (5.9)
=B +p2 =)+ [h+ 1.+ K(1 -2

nja=[—2Bu+ K(1—=3u" —n%) — J.(1+ p* — )
TV = (u+ )1 = (= n)?] cos()]n. (5.9b)
=[h+ K(1-24%) = L.
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The influence of SOT, up to first order in I, on the dissipative dynamics is,

on the other hand, given by

o/ Is =[(n —n)* = 1)/2, (5.10a)
i/Is =[1 = (p—n)?]/2. (5.10D)

With this set up we are in the position to discuss the limit cycles of the
model and their stability. Again for all values of J,, n = 0 will be a solution
of qS =1 = 0. Furthermore, for JJQ_ < K2 we additionally have 772 =1+ ,u2 —
2|K||p|/(/K? — J? as a solution. Below we address limit cycles and stability
in for the solution n = 0, which covers, as we shall see, the behaviour near
the EP. For completeness, we address the other type of limit cycles and their
stability in Sections 5.A to 5.D.
When 7 = 0 the equation for the total power p becomes

/o =[B = I/2a + (K + J. — |1 )u)(1 — u?). (5.11)

This has two steady state solutions

B - 1I,/2a

—_— 12
T=J. K (5.12)

p==xl p=

with u = my, = mp .. The first solution describes both macrospins aligning
in the 42 direction. The second solution on the other hand describes the
limit cycle towards which the system converges for sufficiently large times.
Furthermore, this limit cycle has a precessional frequency of

From the fixed point analyses presented in Section 5.B these fixed points
are stable if 9,0 < 0 and |Jo (1 + p?) > (K — J.)(1 — p?). Alternatively,
these limit cycles are unstable if one of the above constraints is not satisfied.
The limit cycle solution p = (B — I;/2a)/(|J1| — J, — K) is thus stable if
max [K + J., (K — J.)(1 — p?)/(1 + p?)] < [JL|. While the static solution
with g = +1 on the other hand is stable if F(B — I;/2a) < K + J, — |J_|.
In conclusion, we find that the power of the SAF is quite sensitive to small
perturbations around the point |J| | 2 K + J,, where the slope of the total
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power j = my,, = my,, with respect to I5/2a is given by (|J | — J, — K)~!

in Eq. (5.12). The total power of the oscillator therefore depends sensitively
on injected spin current around this point. Hence, we find an enhanced
sensitivity if K + J, >0 for J, > K + J,.

5.4 NUMERICAL RESULTS

In this section we determine all the dynamical phases of the synthetic anti-
ferromagnetic oscillator using numerical solutions. For concreteness, we focus
on the case that J, = 0. We solve the LLG equation (5.2) numerically for
different values of the coupling J| and current I, starting from the antipar-
allel configuration with a small initial perturbation. In Fig. 5.2 we present
the long-time behaviour in each region of the dynamical phase diagram, with
the blue spin denoting the magnetic layer that is driven by spin current. We
note that a change in the external magnetic field B results in a rigid upward-
or downward shift of the phase diagram. The black lines in Fig. 5.2 are the
analytically predicted phase boundaries from Egs. (5.4) and (5.12). We find
a very good agreement between the analytic predictions and the results from
numerical solutions.

There are three regions where the spin configuration is static (I, II, and
III), and one region, IV, where the magnetization is oscillating. The region
in Fig. 5.2 with J; < K may be interpreted in the following way. If we start
from zero coupling and increase the current we observe that the configuration
is initially parallel with both macrospin aligned upward (region I). This is
what we expect since for small values of the current the spin current is not
large enough to compensate the Gilbert damping and the two macro-spins
both align with the external magnetic field. Increasing the current further,
the system is able to keep the initial configuration (region II), since now
the current is enough to compensate for the damping (light-blue macro-
spin pointing downwards), but the coupling is too small to make the white
macrospin, i.e., the magnetic layer into which no spin current is injected, flip.
Indeed for increasing values of the coupling and sufficiently high current both

macro-spins are aligned against the external field (region III).
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Figure 5.2: Dynamical phase diagram for K > 0 as a function of coupling JJ; and
current 5. The analytical predictions from Eqgs. (5.4) and (5.12) are plotted as the
black lines. The steady-state configuration is indicated for each region. The region
IV correspond to oscillations. The z-component of the magnetization in this region
depends on the injected spin current. We took B/K = 1.5 and J, = 0.
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Figure 5.3: Plot of the z direction of the macrospins in both synthetic layers as a
function of the current I5. The three different lines correspond to different values in
the coupling strength (J, /K = 1.2,1.6,2), with the steeper slope corresponding to
decreasing J . These values are depicted by the dotted lines in Fig. 5.2. Parameters
taken are B/K = 1.5 and J, = 0.



5.5 DISCUSSION AND CONCLUSIONS

When considering the non-linear behaviour beyond the EP, region IV is
of most interest. In this region the two macro-spins are oscillating, with a
frequency Is/a depending only on the current I5 and the damping «. These
two macrospins exhibit nearly parallel orientations for positive values of the
coupling and antiparallel orientations for negative values. In Fig. 5.3 we show
the z component of the magnetization as a function of the current I, in which
the different lines correspond to the vertical dashed lines in Fig. 5.2. The
numerical simulations confirm that the current and the macrospin orientation
are related in a linear way given by Eq. (5.12).

We have focused on the situation that J, = 0, which is the most interesting
because all the four phases (I, II, III, IV) meet at one point . In fact, starting
from (Fig. 2) and increasing J, only the three regions I, III and IV meet
at the two points, since the antiparallel region progressively shrinks and
the points shift outward. If instead we consider negative values of J,, the

antiparallel region progressively enlarges and the region I decreases.

5.5 DISCUSSION AND CONCLUSIONS

We analytically and numerically explored the non-linear behaviour of a
synthetic antiferrmagnetic spin-torque oscillator with anisotropic RKKY
coupling. We found that the EP which is found in its linearized dynamics
leads to enhanced sensitivity of the power of the oscillator, in particular as a
function of injected spin current. This enhanced sensitivity may be used to
engineer magnetometers or sensors of spin current. Furthermore, recent work
shows that it is possible to use spin torque nano-oscillators to implement
different computing schemes and to classify waveforms [151]. Moreover, spin-
torque oscillators may be used as tunable spin-wave emitters that excite a
specific spin wave depending on the current. We expect that the enhanced
sensitivity we predict is an asset for such applications.

Regarding the experimental realization of our model, an ingredient is the
anisotropic interlayer coupling. This anisotropic exchange coupling is not
essential but makes the phase diagram much richer. Anisotropic exchange

coupling has been proposed and experimentally observed in Refs. [155, 156].
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The required anisotropies may be engineered by interfaces with heavy metals
and/or engineering the shape of the magnetic layers, whereas the interlayer
coupling may be tuned by varying the thickness of the non-magnetic spacer.
In our approach we have relied on a macrospin approximation. This is a
good description and is in agreement with micromagnetic simulation and
experimental results for STOs with diameters < 30 nm [157].

Future work could focus on the inclusion of thermal fluctuations. We expect
that these will affect the phase but not the orientation or the amplitude of
the oscillations. Finally, we hope that our work, together with that of Deng et
al. [152], inspires the operation of STOs near EPs. In fact, while resubmitting
this work a recent preprint appeared [158| which has experimentally observed
EPs in STOs, albeit in a set-up that is slightly different from ours.
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5.A SECOND TYPE OF LIMIT CYCLES FOR J? < K? FOR J, = 0
For J? < K? we also need to consider n? = 1+ p? — 2|K||u|/{/K? — J? as

a solution to ¢ = 7 = 0. Using the above ansatz we find that Egs. (5.9a)
and (5.10a) give

: _2K]|p| J2lK]|u|
L/ = [B+K,u — = —— (5.14)
,/ ~rz| K rr-p

2|K||p] 2|K||p]

I
——| — —sgn(n)p |1+ p? :
JE2-J2| @ K2 J?

In first instance we note that p = 0 gives a static solution to the above

—2Kpu |1+ p? -

equation. This describes the configuration in Fig. 5.1, in which two spins

point in opposite direction. From Section 5.C it follows that a requirement
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for stability of this phase is d,/t < 0 at the fixed point. This requirement for
stability, with sgn(n) = 1, becomes

-K - |K|B/\/K?-J? [ —K+|K|B/\/K?-J?
>2—5> . (5.15)
1—|K|/\/K2—J? @ 1+ |K|/\/K2—J?

These are precisely the same conditions as in Eq. (5.4) for J, — 0. The fixed
point with sgn(n) = —1 on the other hand is stable if

K+ |K|B/\/K?*—J? | —K +|K|B/\/K?—J3
> 2—5 > : (5.16)
1+ |K|/\/K?—J? @ —1+|K|/\/K?-J?
we see that the configuration with sgn(n) = —1 is always unstable, since

there is no interval for stability.
In order to make progress in the regime where we expect limit cycles we
rewrite Eq. (5.14)

9(Ls, ) = o/ |l (5.17)

I 1
= (1= 2eul) ¢ 280 = s+ (B 3% )]~ smnletnGo)
where € = /K2 — J% /2| K| € (0,1/2). Let us analyse te above equation in a
bit more detail. We assume that p > 0 at the fixed point, from here we find
that Eq. (5.17) implies

I, B+2K(u—e)
200 1+ 2en/(1 —2ep)’

(5.18)

From Section 5.C we find the stability requirement g < 0 for limit cycles
of Eq. (5.17) to be

I, 1—4é
s 2704 oKy <o 5.19
20 (1 —2eu)2 M (5.19)

We like to find the minimal current I for these limit cycles to be stable,
hence we like to find the current for which Eq. (5.19) is zero, in other words
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Ouft = 0ug(Is, )1, () = 0. On the other hand we know g(I(u), ) = 0 is
the limit cycle —fixed point— condition. From here we find d,g(ls(n), pn) =
(01,9)(0uls) + Oug = 0, and hence 0,1; = 0 <+ 0,9 = Ouft = 0. Thus when
looking for the critical current it is sufficient to consider 9,,I; = 0. We proceed
by writing Eq. (5.18) as

(1 —2ep + 2en)Is/2a = (1 — 2ep)(B 4 2K (1 — €)).

Furthermore, we take the derivative with respect to p of the above and note

that we are considering points which satisfy 9,,I; = 0. This leaves us with
(1 —2ep +2en)1s /200 = [2e(B + 2K (1 — €)) + 2K (1 — 2ep) .

which according to Eq. (5.18) gives us
(1 —2eu)(B+ 2K (1 — €)) = [2¢B — 2K (1 — 4ep + 2€%)]n. (5.20)

In order to proceed we assume 1? < 1 around the critical current. A conse-
quence of the above is that we assume pe — dp < 1 with

e = (1 —V1- 462) , (5.21)

2¢

and from relation (5.8) we see that % ~ (2¢)71v/1 — 4¢€2 § at linear order in
Su and 1. By squaring Eq. (5.20) and expanding up to linear order in du we
find the solution to be

K22 - VI d2) 4 eBr
200~ \/ 15— 1 . (5.22)
© K1 -20-2/T-4) + B

Accordingly the critical current is well approximated by using Eq. (5.18)
Is e~ Is(pe — Op). (5.23)

We thus have two forms of stable limit cycles for —|J, | < K < 0and I, > I,
namely one described in Section 5.3 where n = 0 and one with 7 # 0 which
we described in this Appendix.



5.B STABILITY REQUIREMENTS FOR LIMIT CYCLES WITH n=20

5.B STABILITY REQUIREMENTS FOR LIMIT CYCLES WITH 1 =0

To perform the stability analyses, we first determine the fixed points in ¢
and n up to first order in dissipative terms. Including dissipative correc-
tions Eq. (5.7d) become

) I
B = 411](1 = 1%)36r, — (1 — i) =0, (5.24)

The above implies d¢g, = I5/8|J1|. We continue the stability analyses by
linearizing around the fixed point n = 0, sin(¢) = Is/4J, and p = (B —
Is/2a) /(L] = K),

é 0 7 0\ [ds
=11 e 0| (5.25)
o 0 € e o

Where ~ is zeroth order in « and I, and € is first order in dissipation. The

eigenvalues A of the above matrix are given by

(e = M(e] = A =~g] = 0.

(5.26)
Hence, one eigenvalue is given by €}, and the real part of the other two
eigenvalues is given by €. The fixed point is stable if the real part of all
cigenvalues is negative. The constraint €, < 0 precisely gives 9,01 < 0
in Eq. (5.11). The requirement that €, < 0 on the other hand gives €)/a =

(K — J.)(1 — p?) — |JL|(1 + p?) < 0, which is satisfied for K — .J, < |J_|.

5.C STABILITY REQUIREMENTS FOR LIMIT CYCLES WITH 7 # 0

In case 1 # 0, the angle ¢ shifts due to dissipative corrections on Eq. (5.7d).

We denote this shift by d¢r,. We find that the linearized equations of motion

around the fixed point give

¢ S AR
=17 e e ||om (5.27)

f 0 € e o
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With v zeroth order in v and I, and € first order in dissipation. The eigenval-

ues A of the above matrix are given by the third order polynomial equation

(€t = N[5 = A) (el = ) = A/Ig] +lvieh — ehel(ed — X) = 0. (5.28)

Hence, the eigenvalues — up to first order in « and I; are given by A\ =

i — (vii/m)el and A = (ef + €h)/2 £ [y £ eyl /y/7ii- Since
we’re only interested in the real part of the eigenfrequencies for our stability
analyses, we find that the limit cycle is stable if

Re()\l ) =
Re()\i)

el — (Y0 el = et + (Oum)el = D < 0, (5.292)
(€5 +en/2<0. (5.29b)

First we note that (ez +e1)/2 = (u—n)Is/2a — p(B+2K(u—¢€)) < 0, which
implies sgn[B + 2K (. — €)]n > 0. This condition is satisfied at the limit cycle.
Hence we're left with the stability condition 9,/ < 0.

5.0 PHASE DIAGRAM FOR K <0 wITH J, — 0

In this appendix we describe the phase diagram in case K < 0, which is
given in Fig. 5.4. For Jf > K? this system once again only has limit cycles
with 7 = 0 and the dynamics of the system is described by Egs. (5.12)
and (5.13). On the other hand, when K? < J?, two types of limit cycles
are stable if I, > I ., as we have seen in Sections 5.A, 5.C and 5.3. One
of these limit cycles has n = 0 and is described by Egs. (5.12) and (5.13).
The stability requirement |J[(1+ p?) > K(1 — p?) for K < 0, in this case
leads to (B — I5/2a)? < (K — J1)3/(J. + K). The second type of limit
cycle has i # 0 is discussed in Section 5.A and only exist for current larger
then Eq. (5.23). We denote the region in Fig. 5.4 in which both limit cycles
exist as the hysteretic regime.

The regions of stable static configurations with =1 and p = 0 are given
by Egs. (5.11) and (5.15). Additionally, we find the region of stability with
p = +1 and n = 0 by requiring 9,1 < 0 on Eq. (5.11). This results in
B—1,/2a < F(K —|J.]).



5.D PHASE DIAGRAM FOR K <0 wITH J, — 0

1/|K|a

K|

Figure 5.4: Numerical phase diagram for the case K < 0 as a function of coupling J |
and current I,. In black the analytical predictions from Egs. (5.4), (5.15) and (5.23)

are plotted. In each region the corresponding long time configuration is indicated.

The regions for large and small J, correspond to oscillations. The z-component of the
magnetization in this region depends on the injected spin current. The characteristic
of the hysteretic region is the dependence of the long-time configuration on the
initial conditions. We took B/K = 1.5 and J, = 0.
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SINGLE-MODE SPIN-WAVE LASER DRIVEN BY
SPIN-ORBIT TORQUE

This Chapter is unpublished. R.A.D. and J.S.H. conceived the project,
J.S.H. did the analytic calculations and prepared the manuscript. All
authors contributed to the manuscript.

6.1 INTRODUCTION

An important topic in magnonics is the ability to inject, detect and control
magnons using electrical currents. Coherent excitation of magnons typically
uses alternating currents (AC)— using for instance antennas —, while direct
currents (DC) are usually used to excite magnons diffusively using spin Hall
effect (SHE) to create a local spin accumulation. Although excitation of
coherent magnons with AC currents is relatively straightforward, excitation
of coherent magnons using DC currents is usually more complex and relies
on injection of angular momentum with either spin-transfer-torque (STT) or
spin-orbit-torque (SOT). Since efficient excitation of magnons by electrical
current is crucial to combine magnonic devices with electronic devices, the
ability to inject coherent magnons with DC currents is significant towards
the technological use of magnonics.

One possibility to inject coherent magnons using DC currents was put
forward by Slonczewki [67] and Berger [159, 160]. In their proposals, they
argued that a spin-polarized current could be used to drive magnetic precession

or reorient the magnetization. To achieve this spin-polarized current, an
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nR/ ﬁR

Figure 6.1: Figure of the setup we propose in this Chapter.

electric current is run through a fixed magnet layer, creating a STT on the
free magnetic layer. These devices, as put foreward by Slonczewki and Berger,
are described in the literature as spin-torque nano oscillators (STNOs) or
spin-wave amplification by stimulated emission of radiation (SWASER). The
injection of angular momentum in these devices gives rise to an angular
precession of the free magnetization, which in turn stimulates the emission
of spin waves [161-163|. Experimentally, the macrospin precession [164],
magnetization reversal [165] and spin wave emission [166-169] in STNOs
or SWASERs have been observed. Although coherent spin-wave emission
using an STNO should be possible, in practice it seems difficult to get
single mode coherent spin-wave emission and usually a handfull of modes
with a wavelength determined by the size of the STNO are excited and the
frequency of excited spin waves depends on the injected current due non-linear
interactions [161, 162]. Besides spin-torque oscillators (STOs) based on the
injection of spin angular momentum using STT, angular momentum can
also be injected into a magnet layer using the SHE, creating an SOT in the
magnetic layer. The use of SOT rather than STT has the advantage that the
spin current that is injected into the magnetic layer is perpendicular to the
charge current. This allows for the injection of angular momentum in both
insulating and conducting magnets, and gives a torque that can be exerted
over a much larger area as compared to STT. SOT-based spin-wave emitters
should be similar to the ones proposed by Slonczewki and Berger and hence
also face the similar challenges injecting coherent spin waves [170-172].



6.2 MODEL

In this Chapter, we propose a setup to excite coherent spin waves using
SOT, in which spin waves are coherently excited by coupling to a confined
spatial region with negative energy spin waves, see Fig. 6.1. We will show
that there exist regimes in coupling strength, size of the system and injected
angular momentum for which it becomes a single mode laser for spin waves
in the non-linear regime. This setup should have the advantage that it is
tunable and does not experience a non-linear frequency shift depended on
the injection of angular momentum.

Fundamentally, the setup under consideration is quite different from a
usual STO or SWASER setup [67, 159, 160] and is considered in the literature
on analogue gravity as a realization of a black-hole laser [26, 41]. The main
difference is the fact that a black-hole laser starts lasing in the linear regime
without the need of dissipation. This instability can exist due mode coalescence
between positive energy modes in the left magnet and a negative energy mode
in the right magnet. In short, negative magnetic energy spin-waves form
closed orbits of specific frequencies, which — for sufficiently strong coupling
strengths — become self amplified and hence start lasing. On the other hand,
the conventional STOs or SWASERs start lasing due to pumping of specific
mode(s) and hence require dissipation for the onset of the laser. For stability
of our black-hole lasing setup we, on the other hand, need to dynamically
stabilize the system by injecting angular momentum into the right magnet in
the form of SOT.

6.2 MODEL

We consider a set-up of two exchange coupled ferromagnetic thin insulating
films subject to an external magnetic field pointing along the z direction. The
right film is subject to SOTs keeping the equilibrium magnetization against
the direction of the external magnetic field. We assume temperatures far below
the Curie temperature for which amplitude fluctuations of the magnetization

are negligible. Accordingly, the dynamics of the magnetization direction
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n = M/M; is well described by the Landau-Lifschitz-Gilbert equation (LLG)
with spin orbit torques given by

om, —an x O, = —yn, X Heg, + Jymn, X (2 X n,), (6.1)

where v € {L, R} denotes the left or right ferromagnet. The LLG equation
describes damped precession around the effective magnetic field strength
Heg, = —0E,/(Mon). Here, we consider the magnetic energy functional
E,[n] in both magnets to be of the form

E, =M, / dV{g(Vin,,)Q — MOHVnV,Z}, (6.2)

with J the exchange constant and H. the external magnetic field strength.
In the above « is the dimensionless Gilbert damping constant and J, char-
acterizes the SOTs — which is only non-vanishing in the right ferromagnet.
In principle, anisotropies can relatively straightforwardly be included in the
above energy functional, but we don’t expect them to change the qualitative
physics and omit them here for brevity.

We proceed by defining the canonical coordinate ¥ to be /2 — |¥[|2¥ =
(# Fif) - n and notice that n, = £(1 — |¥|?) - since the magnetization lives
on the sphere. In these coordinates the energy functional (6.2), up to fourth

order in ¥ and ¥U*, becomes

Bo= M, [av{s (- 1w, @) 0. (63)
+ % (029, 2)* F poHe (1 — T, 2) }

To incorporate the effect of dissipation, that is, Gilbert damping and SOT, in
these canonical coordinates we introduce the Rayleigh dissipation functional

W, = ]‘j /dV{Z(&tny)Q —J% - (ny X atny)} (6.4)

M N o
- /dV{a (1 10, 2/2] (D005)(D0,) + (00, )2

+iJ, [1— [, %/2] (¥,0,9; — U;0,,) }.



6.2 MODEL

We stress that the Rayleigh dissipation functional is also expanded up to
fourth order in the fields ¥, and ¥}. The Euler-Lagrange equations with
Rayleigh dissipation yields the two equations of motion describing the non-

linear magnetization dynamics

10,0, ~ —A*(1— |V, ?/2)02F, — A*(92|T,|*) T, /2 (6.5)
~A%(9,93)(0,V,) ¥, /2 £ hT,
o [1- (9, 2/2] (3,) + (8|9, 2P, /2
+il, [1-|9,|%/2] ¥,,

where the second equation of motion is given by the complex conjugate of
the above. In the above we defined the dimensionless time ¢ — ¢/ypuoMs, the
exchange length A = \/W, the dimesionless SOT I, = J,, /yuoMs and
the dimensionless magnetic field h = H,/Ms.

We find the linear spin-wave excitations in the left and right magnet using
a plane wave ansatz and linearizing the equation of motion. This gives the
following dispersion relation for spin waves

wr, = A2(k¥)? + hy —iaRewy,, (6.6a)
WR = AQ(]CR)Q — hgr — i(IR + aRewR), (66b)

where wr,/r gives the dispersion in the left and right magnet respectively with
kY € R and kf* = 7m/L with m € N — since the right ferromagnet has finite
size. Dynamical stability of the right ferromagnet, at the linear level, in the
absence of coupling between the left and right magnet, requires Imwg < 0.
We thus find that the SOT should satisfy —Ir > ahp for the right magnet
to be dynamically stable. From this point onward we ignore Gilbert damping
in the left magnet and, for future purposes, note that the wavenumber of the
left moving mode in the left magnet at the precessional frequency w is given

by AkE = —vw = hz.
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Next, we determine the boundary conditions between the continuum of
magnons in the left ferromagnet and the discrete states in the energetically

unstable right ferromagnet. The RKKY interaction energy of the magnets is
Eint = —Jeng - ngle—o = Jo| (1 = [W1[*)(1 — [Wg[?) (6.7)

— VO 0L P2)(1 = [WRP2) (¥R + VW) lao.

From here we find the boundary conditions by employing the variational
derivative at the boundaries. This yields the boundary condition at the left
RKKY interface

J(1—|WL|2/2)0, Y, + JU L0,V L|*/2 = (6.8)
Jo [V = LR2)(0 = [WrP/2) W + (1= [Wa)0,

— V(2= Ug[2)/(2— [TLR) (UL Ug+ U UR)TL/4|.

The boundary condition at the right RKKY interface is similar with Uy <> ¥ g
and 0, — —0,.

We proceed by treating the spin wave fluctuations in the left ferromagnet to
be much smaller in amplitude than the amplitude of the standing wave in the
right ferromagnet. This assumption follows from energy conservation at the
weakly coupled interface and by noting that we only allow for outgoing modes
in the left magnet. As a result we treat the continuum in the left ferromagnet
using linear spin-wave theory, while treating the right ferromagnet non-linearly.
We furthermore assume —Ale > A., which corresponds to weak coupling.
The boundary condition in Eq. (6.8), for weak coupling strengths, becomes

JOr W |s=0 = Jen/1 — [V R|2/2¥7%;.|s—0 This leaves us with
NI L om0 = Aen/1 — [T R|2/20% | =0, (6.9)

with Ao = J./AyuoMs.

Rather than incorporating the RKKY interaction at the right interface as
a boundary condition, we include this interaction as a boundary term in the
equation of motion of the right ferromagnet after which we substitute Eq. (6.9).



6.3 NON-LINEAR ANALYSES OF THE SPIN-WAVE LASING MODE

The contribution of the RKKY interaction to the equation of motion of Vg,

in this instance, gives
0Bt /00" =[AAV R —i(AZ/K{)(1 = |WR|?/2)¥R]6(x), (6.10)

which should be added to the equation of motion in Eq. (6.5). The first
term in the above describes an energetic boundary contribution, while the
second term gives the flow of energy from the right ferromagnetic to the left

ferromagnet.

6.3 NON-LINEAR ANALYSES OF THE SPIN-WAVE LASING MODE

Because the RKKY coupling between the left and right magnet is small com-
pared to their exchange coupling, it is natural to consider a mode expansion
which satisfies the exchange boundary conditions, 9;¥|,cfo,y = 0, at the
boundaries in the right magnet

Up= Z Am(t)ei‘ﬁm(t)e*i‘”mt\/ Q_Tén’o coslkpx]. (6.11)

with ky,, = 7m/L for m € N and w,, = A?k2, + hg the precessional frequency
of the right magnet. We note that the energetic boundary contribution of the
RKKY interaction could in principle be included using the Sturm-Liouville
expansion. We however disregard this. Since we consider o, Iz and A? to be
small, there is no need to include this correction up to first order in these
parameters. In the above expansion, we explicitly expect the timescale in
which A,, and ¢, changes to be much larger then the timescale set by w; *.

We are ultimately interested in the possibility of limit cycles at finite
amplitude because they will correspond, as we shall see, to lasing or coherent
emission of spin waves. We start with the approximation in which only one
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non-uniform mode is present. For a non-uniform mode, n # 0, the equations

of motion in Eq. (6.5) become

Orpn ~ — (07 Ap)(1 + 3A% JAL) + 2A A/ L, (6.12a)
OtA, ~— (202 /kFLY(1 — A2 /L) A, (6.12b)
— (wy, — @by + IR)(1 — 3A2 JAL)A,,.

The first equation gives corrections to the processional frequency due to
amplitude fluctuations and the RKKY interaction. The second equation
describes the dissipative dynamics of the amplitude of the n-th spin-wave
mode. As we have seen before, the linear equation of motion in Eq. (6.6b)
predicts that I'rp > ahp for the spin waves in the right ferromagnetic to be
stable to start with. Furthermore, Eq. (6.12b) predicts the onset of a linear
instability for coupling strengths A. exceeding —2A2/ kl]jnL > Ip+awy,, where
we used the shorthand notation len = kl(wn) = —vwy, — hr. Hence, the
closed orbits of negative energy spin waves become self amplified for sufficiently
strong coupling strengths. This instability is due to mode coalescence between
spin waves in the left ferromagnet and the negative energy standing waves in
the right magnet [43]. The mechanism behind this is similar to the formation of
an exceptional point [44]. Including the non-linear contributions in Eq. (6.12b),
we find the amplitude of the self amplified mode to be stabilized by the non-
linear interactions and to be given by
A2 o xzp—1
L~ z,-3/4
with 2, = —2A2%/(aw, + IR)lemL > 1.
We may express the emitted spin current in terms of the above spin wave

(6.13)

amplitude. This can be done since the amplitude of emitted spin waves
is related to the amplitude of the spin wave mode in the right magnetic
via Eq. (6.9). We further define the dimensionless spin-current in the left
ferromagnet by iJgpin = Y10, ¥ — ¥} 0, ¥r. This yields that the coherent
spin current carried by spin waves of frequency w, emitted by this lasing

setup is given by

Jspin = [AL[PAk{,, (6.14)



6.4 CURRENT INTERVAL FOR A STABLE ONE-MODE LASER

with |Ap|? = 2(Ac/Ak:lL’n)2(1 — A2 /L)A2/L. In the proceeding section we

consider the current interval for which this one-mode laser remains stable.

6.4 CURRENT INTERVAL FOR A STABLE ONE-MODE LASER

From this point onwards we consider the n-th mode to be the linearly most
unstable mode and the interaction between this lasing mode and the other
modes close to the resonant condition wy = wp, —wy,, +wWng, with ny, nz and
ng arbitrary for the moment. Since by assumption the n-th mode is the only
mode with non-vanishing amplitude, we consider no = n and either n; = n
and ng = n’ or n; = n’ and ng = n. We therefore consider only modes that
appear twice in Eq. (6.5). To recap, we are interested in the stability of the
situation in which the n-th mode is lasing and the other modes remain stable,
in the sense that their amplitude remains vanishing. The equation for the
amplitude of these other modes is follows from Egs. (6.5) and (6.9) as

B, A (2= 5, )A2
An/ =~ —O0Wy — IR =+ W (615)
A%k2 2(2 — 6, A2 | A2
Ny, n n' )t n 7
+ |own + Ip + 2 k?an/L 7 <0

where the last equality is the stability requirement. This condition, for the
n/-th mode, thus gives a constraint on the amplitude of the lasing mode
A2 Ig — ah+ aA?k?, — (2 — 5n’)A2/len/L

— < . 6.16
L IR—Oéh+3OéA2k‘%/2—2(2—(Sn/)Ag/kll”n/L ( )

Hence, the one mode laser is stable if the amplitude in Eq. (6.13) satisfies
the above constraint for arbitrary n’. We expect the uniform mode or the
first non-uniform be the most susceptible to the instability, but foremost
the uniform mode. Therefore we consider n” — 0 in the following. With use
of Eq. (6.13), the constraint in Eq. (6.16) can be written as a quadratic
equation in Ig — ag + aA%k2. Namely, (Ir — ah + aA?k2)? + (Ir — ah +
al?k2)[baA?k2 + 5Ag/le70L] + (4A2/kfnL) [2Az/kl’—jOL + 3aA?k2] > 0. From
the fact that this equation is quadratic we find that all currents within the
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Figure 6.2: Figure of the current interval presented in Eq. (6.18), for hg — hy = 1/2,
L/A = 8 and a = 1072. The solid curve describes the lower bound, while the
dashed curve describes the upper bound. We furthermore notice a sudden drop in
the required current I for coupling strengths A. > Ac critical-

linearly unstable range —2A2/ k:anL > IR + aw, > 0 are in principle allowed
if the discriminant is negative. By assuming 1/ len,L to be small compared
to 1/ lenL we find the critical coupling strength to be approximately

A? > 3o’k ki o|L/2. (6.17)

c,critical ~~

If A;, on the other hand, is smaller than this critical value, the current interval
in which there exists a stable one mode laser becomes

—2A2/kf, L > Ip — ah+ Nk} 2 5 (aA®k] + A2 /KoL) (6.18)

A8A2 iy aN?k2K[ (L +2A2/3
25 K, (aA2R2E[L+A2)2

1
xi
2

The upper bound in the injected current comes from the lasing condition
—2Ag/kl[:nL > Ir — ah + aA?k2 which makes the 4, = 0 an unstable fixed
point in Eq. (6.12b). In Fig. 6.2, we plot the current interval as a function of
the coupling strength A.. From this figure, we notice that the lower boundary



6.5 CONCLUSION, DISCUSSION AND OUTLOOK

in the current I for A. > A¢ aritical becomes the requirement of spin waves
with frequency wy, to be dynamically stable, i.e., Ip > a(hr — A%k2).

Lastly, the upper bound in the current — above which there is no self
amplification of the n-th mode — and the quadratic constraint equation
which follows from Egs. (6.13) and (6.16), predicts a lower bound in the
coupling strength below which a stable one mode laser can not exist. We find
this lower bound in the coupling strength to be

272 > al’k} |k, |L. (6.19)

c,Jlower bound ~

Let us finish by checking the self-consistency of the assumption —Ak‘fm > A,
which allows us to treat the spin waves in the left domain linearly. This
assumption implies 1 > Az/(Aklen)Q 2 ak%L/2|kl]jn|, which is equivalent to
(2L/A)\/hr — hy, — n272A2/L2 > an?72. Hence, a one mode laser is stable
if only a few — and most likely only two or three — energetically unstable

modes are present.

6.5 CONCLUSION, DISCUSSION AND OUTLOOK

In this Chapter, we proposed a way to inject spin-waves of a specific fre-
quencies, thereby constituting what is called a black-hole laser [41]|. This
realization depended crucially on the coupling of magnonic excitations to
negative energy magnon excitations in a confined region. Via the coupling of
magnons to these negative energy magnons, the system can form closed orbits,
thereby dynamically destabilizing the system. The formation of the dynamical
unstable modes is similar to that of the mode coalescence forming an excep-
tional point. Since the finitely many modes start lasing, i.e., exponentially
growing, the non-linear theory is quickly important in this model. Hence, we
investigated the non-linear regime for which the one-mode laser would be
stable. More specifically, we considered the case in which one mode dominates
and analyzed its stability towards instabilities in other modes. We found there
to be a region in parameter space for which this one-mode black-hole laser
is stable and hence emits a beam of coherent magnons. The results in this
Chapter have been found using the approximation that —Ale > A., which
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allows us to treat spin waves in the left magnet linearly. This approximation
becomes less exact when the resonant frequencies in the right magnet are close
to the Kittel frequency of the left magnet or when exploring stronger coupling
strengths. Developing a theory beyond this limit is in principle of interest,
since A,/ Ale is responsible for the onset of the lasing mode. In future work,
one could develop a theory that treats the left magnet non-linearly, possible
by inserting a static soliton profile in the left magnet. Furthermore, it could
useful to consider this set-up with two interfaces in the quantum regime.
This is due to the fact that this setup is likely to produce entangled pairs
of magnons. Another direction would be to consider the coupling between
positive and standing wave negative energy magnons in antiferromagnets to

create a one-mode laser in this class of materials to.



CONCLUSION AND OUTLOOK

In this Thesis, we developed new ideas to inject and amplify spin waves
in ferromagnetic materials. The key concept behind the proposals is that
the coupling of positive energy excitations to long lived negative energy
excitations can lead to novel phenomena. This Thesis consisted of two parts.
We discussed dipole-exchange spin waves in Part i, while we considered
applications of the coupling between positive and negative energy spin waves
in Part ii.

In the first chapter of Part i, namely Chapter 2, we discussed how spin-
transfer torques (STTs) can be used to create negative magnetic energy
excitations that are dynamically stable. The effect of ST'Ts on the dynamics
of metallic ferromagnets is twofold. One effect is due to the adiabatic torque
which Doppler shifts the spin-wave dispersion and thus intuitively drags spin
waves along with the charge current. The spin-wave dispersion can now become
negative for sufficiently strong injected currents, which yields an energetic
instability. The other effect of driving a charge current through a magnetic
conductor is that a non-adiabatic STT is also exerted onto the magnetization.
This is a dissipative torque that competes with Gilbert damping. Usually, if a
system becomes energetically unstable it also becomes dynamically unstable
due to dissipation. In metallic ferromagnets however, the dissipation of energy
can be counteracted by the injection of angular momentum in the form of
non-adiatic STT. In this work, we determined the critical current for spin
waves to become energetically unstable due to adiabatic STT and determined
the dynamical stability of these spin waves. To be concrete, we included
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the effects of magnetostatic interactions, Dzyaloshinskii-Moriya interactions
(DMI) and crystalline and surface anisotropies. For typical magnetic fields
and system parameters found in experiments, we found the critical current to
be of the order j. ~ (1 —D/D.)103A /m? with D, the critical DMI constant
above which the ferromagnet becomes unstable towards the formation of
spirals or skyrmions. In principle 10'®A/m? is a rather large current, at
the limit of what is experimentally possible. By fine tuning the magnetic
parameters such that the ferromagnetic state is close to a phase transition,
however, one can make the critical current arbitrarily small.

In Chapter 3 we developed an analytic theory to describe the dipole-
exhange spin wave dispersion of ferromagnetic films, in the Damon-Eshbach
configuration. We focused on this configuration, since it is most typically
used in experiments. Currently, the spin wave spectrum that follows from the
diagonal approximation in the widely used analytic theory by Kalinikos and
Slavin [84, 111] becomes inaccurate in relative thick ferromagnetic films —
as they also noted in their article. Rather than solving an integrodifferential
equation, as done by Kalinikos and Slavin, we derived the dipole-exchange
spin wave dispersion by applying the magnetostatic and exchange boundary
conditions on bulk spin wave solutions. This boundary problem turned out
to have an accurate analytic solution, which agreed well with the numerically
obtained dispersion relations. The main result of this chapter is the analytic
spin wave dispersion in Eq. (3.35), which is quantitatively different from the
spin wave spectrum in Kalinikos and Slavin [84, 111]. At last, the spin wave
dispersion in Eq. (3.35) can be further simplified in the thin and thick film
limits of the ferromagnet as shown in Eqgs. (3.41) and (3.47).

The first chapter of Part ii is Chapter 4. Here, we discussed how spin
currents can be amplified of an interface with an energetically unstable ferro-
magnet. The mechanism behind this amplification is superradiant scattering
of magnons with antimagnons at this interface. This is analogous to the mech-
anism which causes superradiant scattering in the bosonic Klein paradox. We
considered a setup of two coupled ferromagnets, in which the magnetization
in the left magnet is pointing along the external magnetic field and the
magnetization in the right magnet is pointing against the external magnetic
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field and is stabilized by SOT. Thus, in the left magnet only magnons exist,
while in the right magnet both antimagnons and magnons exist since the
steady state magnetization direction is inverted with respect to the external
field. In order to achieve a coupling between magnons in the left magnet
and antimagnons in the right magnet the steady state directions of both
magnets should be opposite. This can be made intuitive by remembering
that magnons and antimagnons have opposite handedness. In conclusion,
we found that conservation of energy at the interface implies superradiant
reflection magnons of the interface with antimagnons — |R|*> > 1 —, within
the range of frequencies in which magnons and antimagnons couple. Hence,
this setup can be used as an amplifier for spin waves and quite possibly emits
entangled pairs of magnons.

In Chapter 5, we discussed the non-linear dynamics of a spin-torque os-
cillator (STO) consisting of two anisotropic exchange coupled macrospins.
We considered the initial situation in which the bottom spin is directed
against the external magnetic field and is driven by SOT, while the upper
spin is aligned with the external magnet. Here both of the magnets experience
dissipation in the form of Gilbert damping. We found there to be a point in
the coupling strength between the magnets beyond which the STO becomes
unstable. To be precise, the linearised dynamics exhibits an exceptional point
(EP), which is characterised by the mode coalescence of the eigenvectors
and eigenvalues and a square root dependence of the imaginary part of the
eigenvalues. While the details of the EP are not really of concern here, we
like to highlight that the coupling of a dynamically stable magnon with a
dynamically stable antimagnon can lead to an instability, for sufficiently
strong coupling strengths. Since the unstable modes blow up exponentially in
time, a non-linear theory is necessary to describe the dynamics. In this work,
we developed an analytic theory that described the non-linear limit cycles of
the STO. We found a relative simple description of the STO dynamics near
the EP. Furthermore, we have shown that the power of the STO depends
extremely sensitively on the injected spin-current for vanishing out of plane
couplings. For non-vanishing out of plane coupling strengths, we found that
the point in phase-space at which the extreme sensitivity in the power occurs
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shifts slightly away from the EP. Moreover, we found excellent agreement
between the analytic theory and numerically performed spin simulations
which gives a complete understanding of the steady-state behaviour of the
STO.

In the final chapter, namely Chapter 6, we investigated the non-linear
dynamics in a system consisting of two coupled ferromagnets, in which a
linear instability is initiated by coupling continuum spin wave excitations in
the left magnet to a discrete amount of negative energy spin waves in the
right magnet. The antimagnonic excitations in the right magnet are realized
by considering the magnetization to be opposite to the external magnetic field
and are again stabilized by SOT. In the literature of analogue gravity, such a
setup is called a black-hole laser [41, 43|, and in this Chapter, we determined
the range in currents and parameter space for which this setup becomes a
stable one-mode laser. Such a one-mode laser would be quite useful within
the field of magnonics, since it gives the ability to inject magnons using DC
currents. This setup is quite different from the conventional lasing setup in
which a specific mode(s) start lasing due to driving of the mode(s). Here,
the onset of the lasing mode is initiated by the coupling between positive
and negative energy excitations and is stabilized by injection of SOT and
non-linearities.

OUTLOOK

As we move towards the end of this Thesis, we like to give an outlook into
possible paths for future research. First and most foremost, experimental
realization of antimagnons will be an important building block. While this
work, until thus far, has been solely theoretical, its eventual usefulness will
depend on experimental realizations of these proposals. Since the models
presented in Part ii contain the bare essentials for the desired effects to
occur, more accurate modelling of realistic experimental situations might
be necessary. One way to proceed is described in Chapter 2, in which we
determined experimentally realistic situations driven by STT. We found

there that the order of magnitude of the critical current is typically rather
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large and close to the limit what is experimentally realizable. But we also
found that this critical current can be made arbitrarily small by considering
ferromagnetic metals that are close to a structural phase transition, induced
by either anisotropies or Dzyaloshinskii-Moriya interaction. In this case it
might be worthwhile — in an experimental collaboration — to optimize the
choice of ferromagnetic metals, such that the critical current is significantly
reduced. The proposals discussed in Part ii, on the other hand, rely on SOTs
to stabilize antimagnons. At the moment of writing, the electric currents
needed to stabilize a reversed magnetization are still large for experimentally
realistic parameters, but may still be within experimental reach. If materials
with a larger SH angles are discovered both the efficiency and the realizability
of our proposals drastically increases.

A continuation of the work presented in Chapter 3 would be to generalize
the analytic dipole-exchange spin wave dispersion derived to arbitrary an-
gles between the spin wave propagation direction and an in-plane external
magnetic field. Also, the magnetization profile of the spin waves could be
derived analytically in continuations of this work. As a broader theme, further
theoretical efforts can be put in the study of the quantum regime of the
models presented in Part ii of this Thesis. The reason this would be interesting
is the fact that most of the set-ups we consider are expected to spontaneously
generate entangled pairs of magnons. This might become useful for quantum
computational operations. It would also be interesting to consider the initial
time behaviour of the model presented in Chapter 4 in the absence of SOT.
Thus, to consider two coupled magnets, in which the initial magnetization
direction of one of these magnets is directed against the external magnetic
field. In this case the initial time behaviour is expected to be characterized by
spontaneously emitted pairs of magnons at the interface between the magnets
and a generic timescale at which fluctuations grow exponentially, set by the
coupling between the magnets and the Gilbert damping. Still, within this
timescale for instance the amplification of spin waves and the spontaneously
emitted pairs of magnons and antimagnons will occur. Another direction to
continue is to model the non-linear dynamics of the spin wave laser presented
in [65]. From the standpoint of analogue gravity this would also be called a
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black-hole laser. In this model however, the antimagnonic states are created
and stabilized by STT. The description of the non-linear dynamics in this
model will be a bit more involved than the one presented in Chapter 6, since
the amplitude of emitted spin waves is not expected to be small. A possible
approach to model this, is to consider spin wave soliton profiles near the
interface between magonic and antimagnonic excitations. Finally, while the
proposals in this Thesis are realized in ferromagnets, in future work these

models could be generalized to antiferromagnets.
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Tegenwoordig gebruikt elektronica een significant deel van de wereldwijde
energieconsumptie. Niet alleen het energieverbruik van onze persoonlijke
apparaten draagt hieraan bij, maar onze apparaten vragen ook veel data op
uit data centra die veel energie verbruiken. Verder wordt verwacht dat de
vraag naar rekenkracht, zonder politiek ingrijpen, alleen maar zal stijgen in de
komende jaren. Met een klimaatcrisis voor de deur, is het belangrijk dat alle
sectoren, dus ook de ICT sector hun uitstoot proberen te verminderen of op
zijn minst niet verder doen stijgen. Gegeven dat de vraag naar rekenkracht zal
stijgen, zullen we moeten proberen efficiéntere technologieén te ontwikkelen.

Ondanks dat er op dit moment veel tijd en geld in de innovatie van gein-
tegreerde schakelingen wordt gestopt, raakt de energieconsumptie van deze
geintegreerde schakelingen een plateau. Dit komt doordat historisch gezien
hogere efficiénties werden behaald door het verkleinen van deze geintegreerde
schakelingen. Dit gaat helaas niet langer meer, omdat de ontwikkeling van
deze geintegreerde schakelingen tegen fundamentele limieten aanloopt. Een
mogelijke oplossing is om nieuwe technologie te ontwikkelend die fundamenteel
verschillend is van huidige elektronica en dus geen hinder heeft van dezelfde
fundamentele limieten.

Een zo’n kandidaat is spintronica. Hierin worden spin golven in plaats van
elektronen gebruikt om informatie over te dragen. Deze spingolven, en hun
quanta magnonen, zijn excitaties die voorkomen in geordende magneten. Als
dragers van informatie hebben ze het voordeel dat ze energie efficiént zijn
en omdat er geen verplaatsing van lading hoeft plaats te vinden. Hierdoor
hebben spintronische systemen geen last van dezelfde fundamentele limieten
als elektronische systemen.

Een obstakel binnen de spintronica is het verval van spin golven door

interacties met zijn omgeving, zoals, vrije elektronen, roostertrillingen en
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onzuiverheden. Dit zorgt ervoor dat de amplitude en coherentie van spin
golven uitdempt over tijd, wat onpraktisch is voor spintronische toepassingen.
Een andere te overkomen hindernis is de mogelijkheid om coherent spin golven
te injecteren met gelijkstromen. Om spintronische toepassingen compatibel
te maken huidige elektronica is een efficiénte injectie van spin golven met
gelijkstroom noodzakelijk. Op dit moment is het exciteren van coherente
spin golven met wisselstroom relatief eenvoudig, maar het injecteren van
magnonen met gelijkstroom blijkt een stuk complexer.

In dit proefschrift hebben we naar manieren gekeken om de levensduur
spin golven te verlengen en om spin golven te injecteren met een gelijkstroom.
Het gros van de ideeén die we hebben ontwikkeld ontlenen hun oorsprong
uit analogieén tussen de natuurkunde van de gecondenseerde materie en
de hoge energie fysica. De essentie voor de toepassingen die wij voorstellen
zit in de koppeling tussen positieve energie excitaties en negatieve energie
excitaties. Dit is een concept dat natuurlijk is in de hoge energie fysica en
komt bijvoorbeeld voor rond de horizon van een zwart gat, maar ook als je
elektronen wilt beschrijven die verstrooien tegen een zeer sterk elektrisch
veld. In het kort, in de toepassingen beschreven in dit proefschrift kan deze
koppeling gebruikt worden om de amplitude van spin golven te versterken
dan wel om coherent spin golven te injecteren met een gelijkstroom.

In Hoofdstuk 1 introduceren we magnetisme, spin golven en hoe we
negatieve energie spin golven kunnen creéren die desondanks toch stabiel
zijn. Het vervolg van dit proefschrift is opgedeeld in twee delen. In het eerste
deel beschrijven we voornamelijk de invloed die dipool-dipool interacties op
spin golven hebben. Terwijl we in het tweede deel vooral concrete voorstellen
bespreken om spin golven te versterken en te injecteren met gelijkstroom.

Hoofdstuk 2 beschrijft een opstelling waarin spin golven negatieve energie
kunnen krijgen door een elektrische stroom door een ferromagneet te laten
lopen. Verder zorgt deze stroom tevens dat deze spin golven stabiel kunnen
blijven. Dit is uniek voor magnetische systemen, normaal gesproken zorgt
het bestaan van negatieve energie excitaties dat een systeem onstabiel is en
vervalt naar de grondtoestand. In magnetische systemen pompt de elektrische
stroom impulsmoment in de magneet wat er toe kan leiden dat de toestand
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van magneet stabiel is omdat die zijn energie niet voldoende kwijt kan. In
dit hoofdstuk bepaalden we wanneer deze negatieve energie spin golven
stabiel zijn, en nemen hierbij de interacties, zoals dipool-dipool interactie, in
ogenschouw die relevant zijn in experimenteel realistische situaties.

In Hoofdstuk 3 beschrijven we de dispersie van spin golven in dunne films
als zowel dipool-dipool interactie als de exchange interactie belangrijk zijn.
Tot op heden is de diagonale benadering gedaan door Kalinikos en Slavin
(1986) de theorie die veel wordt gebruikt om dipole-exchange spin golven
te beschrijven. Deze theorie werkt echter niet even goed voor alle diktes en
wordt vooral inaccuraat voor dikkere films. In dit hoofdstuk beschrijven we
een analytische theorie die zeer goed overeen komt met numerieke oplossingen
van de dipole-exchange spin golf dispersie voor alle diktes.

Het tweede deel van dit proefschrift ging over de toepassing van negatieve
energie spin golven. In Hoofdstuk 4 behandelen we hoe een spin golf versterkt
kan worden door te kaatsen van een interface waarachter negatieve energie
spin golven bestaan. De inspiratie voor dit hoofdstuk komt uit de hoge energie
fysica en wordt daar de Klein paradox genoemd.

Hoofdstuk 5 geeft een niet lineaire analyse van een model met twee gekop-
pelde macrospins waarvan de onderste macrospin wordt aangedreven met
SOT. In het specifiek bekijken we een geval waarin deze opstelling instabiel
wordt door de koppeling tussen beide magneten, waarbij de twee spin blijven
oscilleren voor sterkere interacties. We vonden de niet-lineaire dynamica
zowel analytisch als numeriek en beiden bleken zeer goed overeen te komen.
Verder lieten we zien dat de sterkte van oscillaties zeer sterk afthangt van de
parameters en dat deze opstelling dus nuttig kan blijken als sensor.

In het laatste hoofdstuk van dit proefschrift, namelijk Hoofdstuk 6, kijken
we naar de niet-lineaire dynamica van een opstellingen die coherente spin
golven uitzendt door een gelijkstroom. Om preciezer te zijn, we bekijken twee
gekoppelde magneten, waarvan één magneet eindig en energetisch onstabiel
is maar stabiel wordt gehouden door injectie van impulsmoment met een
gelijkstroom. Inspiratie voor dit hoofdstuk komt uit het vakgebied van analoge
zwaartekracht en een vergelijkbare opstelling wordt daar een zwarte gat laser
genoemd.
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