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ABSTRACT

FACULTY OF ENGINEERING AND THE ENVIRONMENT

Doctor of Philosophy

COMPUTATIONAL METHODS IN MICROMAGNETICS

by Dmitri Chernyshenko

With the continued growth of computational power, computational modelling has become an
increasingly important part of modern science. The field of micromagnetism has benefited from the
increase of computational power, leading in recent decades to the development of many important
micromagnetic methods. This thesis aims to address some computational challenges relevant to the
field of micromagnetism today.

The computation of the demagnetising field is often the most time-consuming part of a micro-
magnetic simulation. In the finite difference method, this computation is usually done using the
Fourier transform method, in which the demagnetising field is computed as the convolution of the
magnetisation field with the demagnetising tensor. An analytical formula for the demagnetising
tensor is available, however due to numerical cancellation errors it can only be applied for close
distances between the interacting cells. For far distances between the interacting cells other ap-
proaches, such as asymptotic expansion, have to be used. In this thesis, we present a new method to
compute the demagnetising tensor by means of numerical integration. The method offers improved
accuracy over existing methods for the intermediate range of distances.

In the finite element method, the computation of the demagnetising field is commonly done
using the hybrid FEM/BEM method. The fast multipole method offers potential theoretical
advantages over the hybrid FEM/BEM method particularly for the current and future generations
of computing hardware. In micromagnetics, it has been applied to compute the demagnetising field
in the finite difference setting and to compute the magnetostatic interaction between nanoparticles,
however no implementation of the fast multipole method in finite elements is yet available. As one
of the steps towards it, in this thesis we develop a new formula for the energy of the magnetostatic
interaction between linearly magnetized polyhedrons. This formula can be used to compute the
direct interaction between finite element cells in the fast multipole method.

Ferromagnetic resonance is a popular experimental technique for probing the dynamical
properties of magnetic systems. We extend the eigenvalue method for the computation of resonance
modes to the computation of the FMR spectrum, and apply it to compute ferromagnetic resonance

for a proposed FMR standard reference problem.
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Chapter 1

Introduction

Technological progress in recent decades has been driven in part by the growth of computing power.
The first electronic general-purpose computer ENIAC, dating back to 1946, weighted 30 tons and
consumed 150 kW of power to perform 5000 operations per second. The invention of the transistor
in 1947 and the integrated circuit in 1958 led to a rapid increase in computational capabilities in the
following years. Transistor Computer, the first transistorised computer in the world, was developed
at the University of Manchester in 1953; it still relied on vacuum tubes to power its 125 kHz clock
and was notoriously unreliable. However, within only a few years transistor-based computers fully
took over — this was the start of the semiconductor industry.

In 1965 Gordon Moore, the co-founder of Intel, made the prediction that the density of
transistors in an integrated circuit would double every year; later in 1975, he revised this to a
doubling every two years. This famous prediction led the semiconductor industry on an impressive
multi-decade journey through multiple technology and process shifts. Currently, the world’s
fastest supercomputer is Tianhe-2, containing 3 million CPU cores and capable of theoretical peak
performance of 55 petaFLOP /s. The next supercomputing milestone, an exascale system capable
of performing 10'® operations per seconds, is predicted to be reached by 2018.

The demand for ever faster supercomputers is driven by the increasing demands of compu-
tational modelling. Computational modelling is a vital part of modern science, as it can support
theory by providing a cheap way to experiment, and it can support experiments by explaining
observed phenomena when theory alone cannot do it.

One computational model that has benefited from the growth of available computing power
is the model of micromagnetism. The micromagnetic model describes the nanoscale dynamics
of magnetisation in ferromagnetic materials; it was developed in the 1950s by Brown [1] but was
limited in applications until the late 1980s, when computers became powerful enough to model
micromagnetic systems.

The broad theme of this thesis is the development and application of new computational
methods in micromagnetism. This was motivated in part by the following broad challenges facing
micromagnetism today: the development of efficient algorithms aligned with the capabilities of
modern computers, engineering better and more reliable software to deal with the increasing
complexity of models, and the integration of new types of physics to allow multi-physics, multi-

scale modelling.



It is not possible to address all of these challenges in a single work, in fact nor by a single
person or group. But hopefully, some of the methods and software developed as part of this research

will be a contribution towards that.

1.1 Thesis outline

The thesis is structured in the following way: Chapter 2 provides an overview of the micromagnetic
model and some of the current state-of-the-art methods in micromagnetism. The continuous
micromagnetic model is described in Section 2.1. Section 2.2 contains an overview of the main
approaches to the discretisation in the model: the finite difference and finite element methods.
Section 2.3 covers the computation of the demagnetising field — the most time-consuming part of
the simulation both for finite difference and for finite element methods. Section 2.4 covers issues
related to the time integration of the dynamical equation. Section 2.5 describes the computation of
ferromagnetic resonance in micromagnetic systems via the solution of the eigenvalue problem for
the linearized dynamical equation.

Chapter 3 describes a novel method to compute the demagnetising tensor in finite difference
micromagnetics via numerical integration. This work was published in [2].

Chapter 4 describes a novel semi-analytical method for the computation of the energy of the
magnetostatic interaction between linearly magnetised polyhedrons. This work is currently being
prepared for submission to a journal.

Chapter 5 describes a proposal for a standard problem for modelling ferromagnetic resonance
in micromagnetic systems. It is based on the collaborative paper [3], currently in preparation for
submission to a journal. The author’s contribution is the implementation and application of the
eigenvalue method for computing the resonance modes, frequencies, and spectrum.

Chapter 6 studies the effect of Joule heating in ferromagnetic nanowires used in typical spin
torque transfer experiments. This work was published in [4]. The author’s contributions are the
simulations done using ANSYS and the analytical estimates (i.e. Section 6.3.3 and onwards).

In addition to the novel research in Chapters 3-6, the use of the linear least-squares method to

compute the FMR spectrum in Section 2.5.1.4 is also new (to the best of the author’s knowledge).

1.2 Software

To support the research described in this thesis, two software packages have been developed:

o the finite difference package simlib, used for the simulations in Chapters 3, 4 and for the

eigenvalue method in Chapter 5. The author is the sole developer of simlib.

o the finite element package finmag, used for the finite element simulation in Chapter 5. The
author participated in the initial implementation for some parts of the package (in particular,
those shared between the FD and FE approaches such as time integration, as well as parts of
the implementation of the FEM/BEM method), however finmag is a collaborative effort with

many developers (see Acknowledgements).
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Chapter 2

Background

2.1 Micromagnetics

The micromagnetic model describes the dynamics of magnetisation in a solid ferromagnetic
material at length scales typically measured in tens of nanometres to micrometres, and time scales
typically measured in nanoseconds. It is a phenomenological model which ignores the atomic
structure and describes magnetisation as a continuous field. In the model, interactions between
the magnetic moments in the material give rise to an an effective magnetic field which in turn
produces the torque that drives the magnetisation. The theory was started with the work of Landau
and Lifshitz on the structure of domain walls [5] and was significantly extended by Brown [1].
The time-dependent equation was later augmented by Gilbert [6] to more accurately describe the
behaviour of magnetisation in the presence of large damping.

In the micromagnetic model, the magnetisation M is a continuous field of constant magni-
tude M = M. Intuitively it can be understood as the local density of the magnetic moments
of atoms in the magnetic material. The direction of magnetisation evolves according to the

Landau-Lifshitz-Gilbert equation

dM v [MXHeﬁ‘+a

it S i M x (M x Hegr)] 2.1

In this equation, Hg is the effective magnetic field (described below), v is the gyromagnetic
ratio and « is the damping coefficient that drives the magnetisation towards the static equilibrium
value.

On its own, the Landau-Lifshitz-Gilbert equation is not sufficient to describe the dynamics of
magnetisation — the complete model has to also specify the effective field Hqg. The effective
field represents the total contribution of physical interactions between the magnetic moments in the

material as well as the external environment and contains several terms:
Heff = Happlied + Hexchange + Hdemag + Hanisotropy +... (22)
where

e H,icq is the externally applied (Zeeman) field. The magnetisation will attempt to align

along it to the extent permitted by the other components of the effective field.



e H change is the phenomenological field that describes the exchange interaction between
neighbouring spins. The exchange interaction attempts to align neighbouring spins; in a
typical material, this interaction is the strongest on short scales and neighbouring spins
are typically aligned close to each other. This provides some justification for treating

magnetisation as a continuous field.

® Hgemag is the demagnetising field due to the dipole-dipole interaction between the individual

spins. It is the combined magnetic field produced by all magnetic moments in the material.

e H.isotropy 18 the phenomenological anisotropy field that attempts to align the magnetisation

in the directions preferred by the crystal lattice.

In micromagnetics, the exchange and anisotropy fields arise as a consequence of corresponding

energy contributions. Similarly to (2.2), the total energy E of the ferromagnetic body is

E = Eapplied + Eexchange + Edemag + Eanisotropy + ... (23)
where
Euped = ~10 | M Hapa 0/ 4)
Q
A
Eexchange = W / (VM:U)Q + (VMy)2 + (VMZ)2 a (25)
s JQ
Ho
Edemag = _? A M- Hdemag a (26)
M
Eanisotropy = / 6aunisotropy<7> av (27)
Q Ms

Here, £(5) is the anisotropy energy density; it is assumed to be a function of the magnetisation

direction M /My and not an arbitrary scalar field.

2.1.1 Brown’s equations

In an equilibrium magnetic configuration, the internal energy is at a local minimum. To derive
the condition on M necessary for equilibrium, the internal energy E has to be minimised under
the constraint M = M. If the internal energy is described by a volume integral E = [ edV/, the

minimisation results in what is known as Brown’s equations
M x de =0 (2.8)

where § is the Euler-Lagrange operator (2.14). A detailed derivation of Brown’s equation is

reproduced below in section 2.1.2.

Brown’s equations state that the torque produced by the field Heg = —iée must vanish at

equilibrium. Micromagnetic theory generalises the above condition and postulates that even outside
equilibrium, magnetisation evolves in time according to the Landau-Lifshitz-Gilbert equation (2.1)

with the effective field Hg.



For completeness, we provide the following expressions for the exchange and anisotropy fields

which are easily derived from (2.14):

1 2A
Hexchange = _%6Eexchange = MOME VQM (29)
1 1
Hanisotropy = _gaEanisotropy = _mvs €anisotropy (210)

2.1.2 Derivation of Brown’s equations

Let us assume that the total energy F of a ferromagnetic body €2 is described in terms of a
volumetric energy density e, so that £ = | o €. In the general case, the total energy may also
contain surface energy terms, but the following derivation does not take them into account.

Let us denote by M; (i = 1,2, 3) the components of the magnetisation vector M, and by M; .,

their partial derivatives M, ., = %];4_". In the general case, the energy density € depends on the
J

magnetisation M; itself (in the applied, demagnetisation, and anisotropy energy terms) and on the
partial derivatives M, 5, (in the exchange energy term). To find the equilibrium condition, we have

to look for the stationary points of the functional
E= / e(M;, M ;) dV (2.11)
Q

subject to the constraint | M| = M. We can eliminate the constraint by introducing a Lagrangian

multiplier A\ = A(x;) and seeking the stationary point of the modified functional
E = / e(M;, M; ;) + AMIMP2 — M2V = / e’(Mi,Mmj,)\)dV (2.12)
Q Q

The stationary points can be found by solving the 3 Euler-Lagrange equations

0 d 0
(8Mi _ZdiﬁjaMixv)E/:O (2.13)
j T

(the corresponding equation for \ produces the constraint M2 — M2 = 0). To simplify the notation,
Y geq P s phly

we introduce the Euler-Lagrange operator § with the components

0 d 0
5. = _ . 2.14
t oM, ; d; OM; ., @19
and rewrite the Euler-Lagrange equations as

8¢ =0 (2.15)
¢ = e+ \|M)? — M2) (2.16)

Since A (|[M|? — M2) = 2\M, we can eliminate \ by multiplying the equation (2.15) by M x,

which produces the desired equilibrium equation

M x §e = 0 2.17)



2.2 Micromagnetic simulation

The micromagnetic equations cannot be solved analytically except in very simple cases [7],
therefore it is necessary to solve them numerically in a computer simulation. To do so, the
continuous equation (2.1) needs to be replaced with a discretised version, with each of the variables
(and operators) entering the equation discretised appropriately.

Perhaps the most common approach is to perform the spatial discretisation first and approximate

the continuous field M using a fixed number of degrees of freedom ay, ..., a,:
M(I‘) = Mapprox(ala . 7an)(r) (2.18)

Here, M,pprox(ai, ..., a,)(r) is the continuous field that corresponds to the specific values
of ai,...,a,. The exact meaning of a,...,a, and Mapprox depends on the spatial discreti-
sation method. The two main approaches to spatial discretization are Finite Differences (FD) and
Finite Elements (FE), which are described in sections 2.2.1 and 2.2.2.

After spatial discretisation, the continuous partial differential equation (2.1) is replaced with
a system of first-order ordinary differential equations with n unknowns a1 (t), . .., a,(t) that can
subsequently be solved using a variety of standard time integration algorithms (Runge-Kutta,

multistep, BDF).

2.2.1 Finite Differences

In the finite difference (FD) method, the simulated ferromagnetic system is divided into an regular
array (mesh) of ny X ng X ng cuboids 0,4, Withé; =1...n1,42 =1...n9,%3 = 1...n3. Inside
each cuboid, magnetisation is assumed to have a constant value M, ;,;, resulting in 3n1nons total
degrees of freedom.

If the magnetic region has an irregular shape 7', magnetisation outside of that region is pinned
to zero: My, i,i5 = 01if 04454, 1 Outside T'.

In the finite difference method a common way to discretise the effective field and the Landau-
Lifshitz-Gilbert equation is via the so-called energy-based approach [8].

In this method, the total energy (2.3) is written as a function of the degrees of freedom M, ;.
E(M;,isi3) = Eapplied My izis) + Eexchange(Miyinis) + - - - (2.19)

Similarly to the procedure in section 2.1.2, this function is then minimised with respect to the
degrees of freedom M, ;,:, (subject to the constraint M| = 1). This produces a discrete effective

field
1 oF

Heftiyisis = ——— e
;211213
tolo| OM;,igis

where |o| is the volume of the cuboidal cells in the mesh.

(2.20)

The time derivatives of the magnetisation dMj ;,4, /dt can then be computed pointwise:

s
M;

dMi1i2i3 _ i

dt 14 a2

[Mi iy X Hettiyigis + 7 Mijinis X (Mijigis X Heffiyinig)] (221



This energy-based approach to the discretisation of the Landau-Lifshitz-Gilbert equation
guarantees that up to the tolerance of the ODE solver, the discrete total energy is minimised at
an equilibrium point, and in general, in any simulation the total energy will be a non-increasing

function of time.

2.2.2 Finite Elements

In the finite element method, the simulated magnetic region of space is divided into a polyhedral
mesh [9]. The continous magnetisation field M(r) is approximated by a linear combination of

basis functions ¢; associated with that mesh:

Mapprox(r) = Z M, ¢i(r) (2.22)

where Mj; are the corresponding degrees of freedom.

In the most common case in micromagnetic simulations, the functions M, approx(r) are piecewise
polynomials, typically of the first order (i.e. linear). The micromagnetic package finmag used
for the simulations in Chapter 5 employs tetrahedral meshes and Lagrange elements where the
approximation function space Mpprox () is the set of all continuous (vector-valued) functions on
the mesh, linear within each tetrahedron. In this case, each node ¢ in the mesh has a corresponding
degree of freedom M; and the basis functions ¢;(r) are piecewise linear “tent” functions that have

value 1 at node 7 and value O at all other nodes.

2.2.3 Effective field and the box method for finite elements

To discretise the effective field in the finite element approach, similarly to the finite difference case

we again write the total energy functional
E(Mz) - Eapplied(Mi) + Eexchange(Mi> + Edemag(Mi) + Eanisotropy<Mi) +... (223)

Similar to the finite difference case we can minimise the total energy with respect to M; to
derive the equilibrium equation and the effective field. The FENICS finite element library used
in finmag can perform this derivation automatically for the applied, exchange, and anisotropy
energy terms where the energy functional can be easily represented as a volume integral over the
mesh.

A slight disadvantage of this approach is that the computation of the applied, exchange, and
anisotropy fields involves solving a sparse linear system which requires computational effort.
Additionally, for most meshes the value of the field at each node will potentially be influenced
by magnetisation at all other nodes, making the discretised applied, exchange, and anisotropy
interactions nonlocal.

To avoid this problem, the effective field can instead be calculated using the so-called “box
method” [9].

Recall that in the continuous case, the effective field is the variational derivative of the energy

functional with respect to M(r):
16U

Hyp— ———— 2.24
f 10 SMI(r) (2.24)
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Our previous approach was to write the total energy as a function of the degrees of freedom IM;, and
solve the minimisation problem afterwards. Alternatively, we can directly define the discretisation

of the operator 4 to be

6discreteU 1 oU
== 2.2
I\ V; OM; (2.25)

where
Vi = /(bi(r)dr (2.26)

is the volume of the portion of the mesh associated with ¢-th node. The effective field can thus be

computed as 5
1 U
H; = — 2.27
o Vi OM; (227

Since a change of magnetisation at the node M, only influences the energy density in the

neighbouring elements, changing IM; will only alter the applied, exchange, and anisotropy fields
corresponding to node ¢ and directly neighbouring nodes, giving us the desired locality property.
However, since the effective field H; is no longer obtained by energy minimisation, the total
energy (2.23) may increase during simulation, and will generaly be not at a minimum at an
equilibrium configuration. To avoid this, the discrete energy function can be modified so that the
energy is computed from the discrete effective field (2.27). During a simulation, this modified

energy function will then be non-increasing (again, subject to the accuracy of the time integrator).

2.3 Demagnetising field

Both for finite difference (FE) and finite element (FD) micromagnetic simulations, the most time-
consuming part is the computation of the demagnetising field. The time derivative of magnetisation
(the Landau-Lifshitz-Gilbert equation) is usually computed pointwise; the exchange and anisotropy
fields are local — their value only depends on the value of the magnetisation in close proximity.
These terms can be computed efficiently and the computation can be made parallel to utilise
multiple CPU cores.

On the other hand, the demagnetising field is global — the magnetostatic potential and field
at each point is the sum of the contributions from all discretisation cells. For a system of n cells,
the naive approach to computing the demagnetising field would require the evaluation of O(n?)
interactions, which is infeasible for a system of any practical size. Therefore, both for FD and FE

methods the computation has to utilise specialized, more efficient algorithms.

2.3.1 Demagnetising field: overview

The demagnetising field Hgemag is the classical magnetostatic field produced by all the magnetic
moments in the system. For a continuous system it is described by Maxwell’s equations, however
in micromagnetics the standard equations are usually transformed into a form more suitable for
computation.

In micromagnetics, the demagnetising field Hgemag is considered separately from the magnetic

field originating outside of the ferromagnet, described by the applied (Zeeman) field H,pp1ieq. For

8



the rest of Section 2.3, H will denote the demagnetising field only, and E the demagnetising energy
(le H= Hdemaga E= Edemag)-
For the demagnetising field,

B = puo(H+ M) constitutive relation (2.28)
V-B=0 Gauss’s law (2.29)
VxH=0 Ampere’s law (2.30)

From the last equation, there exists a scalar potential function ¢(r) defined on the whole space
R3 such that
H=-V¢ (2.31)

Then, from the first two equations

9 V - M inside the material
Ve = (2.32)

0 outside the material
At the boundary of the material, the normal component of B is continuous and so is the
tangential component of H. Therefore, the gradient of ¢ is continuous in the tangential direction
and has a discontinuity of —n - M in the normal direction, where n is the normal vector to the
boundary:
Voutside — Vinside = —(n-M)n  at the boundary (2.33)

With an additional regularity condition, these equations allow a unique solution [7, 1]. There-
fore the computation of the demagnetising field can be reduced to the problem of finding the
magnetostatic potential ¢ that satisfies the equations (2.32), (2.33). Once ¢ is known, the demag-
netising field can be computed using equation (2.31), and the demagnetising energy can be found
using the relation

E——”O/M.Hdr (2.34)
2 Jv

where the integration is over the ferromagnetic region V.

The equations (2.32), (2.33) permit the formal solution

1 / / 1 / 1 / ]- /

- ‘M d — -M(r')———d 2.35
o(r) 47T/VV (r)|r—r’| r +47T 8Vn (r)|r—r’| s (2.35)
H(r) = —1/ vV M)V ! dr' + + n-M(r') V' 1 ds' (2.36)

a7 |y, Ir — /| AT Jov |r — /| )

or alternatively, integrating by parts,

o(r) = 1/ M(r') -V’ ! dr’ (2.37)

4 |y, Ir — 1’| '

1

H(r)=—— | M(r)- ! dr’ 2.38
(r) 47T v (r ) vv ‘r o r/| T ( )

The first pair of equation can be interpreted as the potential ¢(r) and field H(r) arising due
to volume charge density —V - M inside the material plus surface charge density n - M on the

boundary of the material. The second pair of equations can be interpreted as the potential ¢(r)

9



and field H(r) being the superposition of potentials and fields of primitive magnetic dipoles with
dipole moment M (r) throughout the magnetic region.

Computational procedures usually either rely on the differential equation formulation (2.32),
(2.33) to compute the potential ¢(r) — as done in the FEM/BEM method described in Section 2.3.3,
or use the integral formulation (2.38) to compute the energy and field directly — as done in the
Fourier transform finite difference method described in Section 2.3.2 as well as the analytical

calculation in Chapter 4.

2.3.2 Demagnetising field: finite difference method

In the finite difference method, space is discretized into a regular array of cuboids. Suppose that
the magnetic region V is divided into an n = n; X ng X n3 grid of cuboidal cells o, ;,;, centered
at r;, ;,i; each with dimensions ¢, X ¢, X c,, volume |o| = cgeyc., and constant magnetisation

M., i,i,. From equations (2.38) and (2.34) the total demagnetising energy E of the system is

:’LLO//M(I')~VV’ ! — . M() dr dr”
T Jv Jv r— 1|

1
= 5 § § E7,12213<—>2’11'22’3

11,42,83 i b i

(2.39)

where

1
B igigeriyiyit, = / / M(r) - VV' —— - M(r) drdr’ (2.40)
Oiyigig 02/11/27,/ |r r |

is the energy of the pairwise interaction between the cells 0y, i,i; and oy ;7 i

In the finite difference method, magnetisation is assumed to be constant within each cell.
Therefore, the factors M (r) and M(r’) can be taken outside of the double integral. The remaining
double integral only depends on the separation between the cells 0y, i,i; and 0, ;1 ;7 , leading to the
following formula

Ei1i2i3<—>z ihih — NO’U| Mz1z2z3 ’ N(rilimg r z’gzg) Mz’ Tihih (2'41)

2%3

N(I‘) = 47T|0_| /U/UVTIVTQM d?"l dTQ (242)

Combining the equations (2.41), (2.39), and (2.20) also gives us the formula for the discrete

demagnetising field (in the energy-based approach):

111213 = E Mz’ ihif " rzligzg ry 1’22&) (243)
iyi51%

In the previous equations, we have introduced the so-called demagnetising tensor IN(r). It is a
dimensionless symmetric rank 2 tensor which describes the magnetostatic interaction between cells
in the mesh. It does not depend on the magnetisation of the cells or their exact position, only on
the separation vector r = r;,j,i, — I; n and the dimensions of the cell ¢, ¢y, c.. An analytical
formula for N(r) is known [10, 11, 12, 13]; more detail about the demagnetising tensor and its

computation is provided in Chapter 3.
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In principle, the analytical formula allows us to compute the demagnetising tensor N (r;, iy, —

L ig) and energy Ej 5 i, i for each pair of cells in the mesh, and add them together to
compute the demagnetising energy E and field H;,;,;,. However, this method requires O(n?)
operations and for any practical mesh size n this computation is not feasible.

To arrive at a more efficient algorithm, notice that since the mesh is regular, the separation
VECLOT Tyigiy — Tringr, = (Ca(in — 1), ¢y(i2 — i5), ¢z (i3 — i3)) only depends on the difference
between the indices of the separated cells 71 — i’l, 19 — i’2, i3 — zg Therefore, we can introduce the

integer-indexed demagnetising tensor

Ny jajs = Nlcaji, eyj2, c2j3) (2.44)
and rewrite (2.43) as
Hijiyis = — Z M inin - Niy it ity ig—it (2.45)

Although this is still a double sum involving a total of O(n?) operations, we can recognize a
discrete convolution, which can be computed efficiently using the discrete fast Fourier transform
(DFFT) algorithm. The only potential difficulty is that the discrete Fourier transform operates on
circular sums and convolutions, while for the standard (non-periodic) boundary conditions the
above sum is non-periodic. To address this issue, we can pad the array M, ;,;, with zeroes to size
2n,; X 2ny x 2n. and extend the sum in (2.45) to the new doubled indices in all dimensions. This
produces a circular sum, to which the discrete Fourier transform can then be applied.

The full algorithm for the computation of the finite difference demagnetising field is therefore:

1. Compute the demagnetising tensor entries IN; , and store them in an 2n, X

1=} ia—ih,i3—1
2ny X 2n, x 6 array (with a minus sign for equation (2.45), as well as any dimensional

factors as required).

2. Compute the 3d forward Fourier transform of this array, producing a complex-valued 2n, X

2ny x 2n, x 6 array N* in the frequency space.

3. Given a discretized magnetisation array M;, ;,;,, pad it to size 2n, x 2n, X 2n, x 3 with

Zeroes.

4. Compute the forward Fourier transform of the magnetisation, producing a 2n, x 2n, X 2n x 3

array M* in the frequency space.

5. Compute the elementwise dot product of M* and N*, resulting in the array H* in the

frequency space.

6. Compute the backward Fourier transform of H*, producing the demagnetising field H; ;.

in real space.

In step 1, the computation of the demagnetising tensor Nz’1—z”1 jia—ily,iz—i, can be done using the

analytical formula when the separation between the cells is small. When the separating distance is
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large, the evaluation of the analytical formula becomes inaccurate due to numerical cancellation
errors [14]. Due to this, the micromagnetic package OOMMEF [15] uses an asymptotic formula
to compute the demagnetising tensor for large separating distances. In Chapter 3, we develop a
novel approach to address the numerical cancellation issue based on numerical integration of the
equation (2.42).

The method described in this section was used for the finite difference simulation code simlib

used in Chapters 3, 4, and for the eigenvalue method in 5.

2.3.3 Demagnetising field: finite element method

In the finite element method, the mesh is irregular and the Fourier transform method described
in the previous chapter cannot be applied. Instead, a solution to the open boundary Poisson
equation (2.32) for the magnetostatic potential can be sought. A direct approach would require
the discretization of the space outside of the material in order to satisfy the regularity condition at
infinity. This may substantially increase the size of the mesh as well as make the meshing procedure
more complicated. A review of specialized methods for the open boundary problem can be found
in [16] and [17].

An alternative method that only requires the discretisation of space inside the material is the

hybrid FEM/BEM method [18]. In this method, the magnetostatic potential ¢ is split into two parts

¢ =¢1+ P2 (2.46)

Inside the material, the potential ¢, is required to satisfy the Poisson equation with a Neumann

boundary condition, outside, it is 0:

V¢ =V -M inside the material
¢1 =0 outside the material (2.47)
0
% =n-M at the boundary
For the equations (2.32) and (2.33) to hold, the second part of the potential ¢o must therefore
satisfy:
V2hy =0 everywhere (2.48)
VgbZ,outside - VgbZ,inSide =0 at the boundary (2.49)
¢2,outside - ¢2,inside = _¢1,inside at the boundary (2.50)

The equation for ¢, is a standard Poisson equation and can be solved using the ordinary finite
element method. The equations for ¢o describe the scalar potential of dipolar density ¢1 inside at

the boundary; the solution is

1 (et
éa(r) = - / b1 (r’)nr(rr,;) ds’ inside the material (2.51)
ov -

¢a2(r) ! / o1 (r,)n-(r;‘g’) ds' + <Qav r) _ 1) ¢1(r) at the boundary (2.52)
ov -

T i Ir 47
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where {2y (r) is the solid angle covered by the boundary OV as seen from the point r.

To avoid solving for ¢2 on the whole mesh, instead the equation (2.52) can be used to calculate
the values of ¢ at the boundary, and the values of ¢4 inside can be found by solving the Laplace
equation using FEM inside the material.

From equation (2.52), ¢- is a linear function of the boundary charge ¢;. After finite element
discretization, the degree-of-freedom vector €£2,boundary is the product of a boundary element

matrix B with the degree-of-freedom vector QBQ,boundary

&2,boundary =B le,boundary (2-53)

The boundary element matrix B is independent of the magnetization M it can be computed
using the analytical Lindholm formulas for the double layer potential [19, 20]. The complete

procedure for computing the demagnetising field is therefore

1. Compute the boundary element matrix B (this step can be done once at the start of the

simulation).
2. Solve the Poisson equation (2.47) for the potential ¢; using FEM.
3. Compute the potential ¢9 at the boundary using equation (2.52).

4. Solve the Laplace equation for ¢ inside the material based on the known values of ¢5 at the

boundary using FEM.
5. Compute the demagnetising field H = —V (¢ + ¢2).

An alternative hybrid FEM/BEM method has been developed which imposes slightly different

boundary conditions [21]:

¢ = ¢ + ¢ (2.54)

Vi¢h =V -M inside the material (2.55)

¢ =0 outside and at the boundary (2.56)

V3gh =0 everywhere (2.57)

a%’oumide — a%’imide =-n-M+ % at the boundary (2.58)
on on On

D outside — P2.inside = 0 at the boundary (2.59)

Again, the Poisson equation for ¢/ can be solved using FEM, while the potential ¢/, can be found

using the single layer integral

/ /
(1) ! /av ( —n-M(') + Ir(r )) | ! ds'  inside the material (2.60)

T Ar on r—r|

In both methods, the boundary element matrix B is dense — in a mesh with m surface nodes it
has the dimensions 3m x 3m. Due to this, when the mesh geometry has a large number of surface

nodes (for instance, when modelling a thin film material), the memory requirements to store the
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matrix can be quite high. Approaches based on hierarchical matrix compression have been applied
to deal with this issue.

The micromagnetic simulation package finmag supports both the [18] and the [21] variants of
the hybrid FEM/BEM to compute the demagnetising field.

2.3.4 Fast multipole method

The fast multipole method (FMM) is a general algorithm to compute pairwise interactions in a
arbitrary system of n bodies. Direct computation requires the evaluation of n? interactions, while
the fast multipole method reduces this complexity to O(n logn) by approximating the long-range
interactions between the bodies.

In micromagnetics, the fast multipole method has been successfully applied to compute the
demagnetising field in the finite difference setting [22] as well as to compute interactions between
nanoparticles [23, 24]. However, the application of FMM to the finite element setting is particularly
desireable since the fast multipole method potentially offers two advantages against the commonly
used hybrid FEM/BEM (described in Section 2.3.3): the first advantage is straightforward handling
of thin geometries (as no boundary matrix is used), and the second is easy parallelisation compared
to the FEM/BEM method which requires an iterative solution of the linear systems for ¢; and then
2.

This section outlines the prerequisites for the computation of the demagnetising field using
FMM for the finite element method. Later in the thesis, Chapter 4 addresses one of the principal
prerequisites — the computation of the direct part of the fast multipole method.

The fast multipole method can be applied if

e Each body «; in the system produces a spatial field ®;(r); these fields add to produce the
total field ®(r) = >, ®;(r).

e The interaction/motion between the bodies is due to the interaction between the body and

the total field: if the total field ®(r) is known, then so is the interaction of each body with it.

e Far away from body a;, its field ®;(r) is smooth, permitting a far-field approximation (the

multipole expansion).

The success of the original fast multipole algorithm [25, 26, 27] has lead to a large number of
variations and improvements, however any fast multipole algorithm has the following informal

stucture:

e Iterating through the bodies, build a hierarchical structure that represents the multipole

expansion of the “far away field” for all the bodies in the system.
e For each body, compute the interaction with bodies “close” to it directly.
e For each body, compute their interaction with the “far away field” computed in step 1. The

hierarchical structure in step 1 is designed in such a way so that for each pair of interacting
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bodies, their pairwise interaction is only ever considered once - either as a “close” direct

interaction, or as a far away interaction with the multipole field.

This general structure of the algorithm is flexible in terms of: the kind of multipole expansion
used in the far-field approximation, the concept of the body itself, the field ®(r), the criteria for
when bodies are “close”, the hierarchical structure used in step 1, and so on.

The original FMM algorithm and early modifications used the spherical expansion for the
far field. However, recently algorithms based on the Cartesian expansion [28] became popular.
The Cartesian expansion algorithms perform particularly well when the multipole expansion is of
relatively low order [29]. For the calculation of the demagnetising field, a high level of accurace is
not required, since other parts of the simulation such as the spatial discretization introduce errors
of their own. Therefore, the Cartesian expansion is a natural choice.

For the choice of the interacting objects, the two main candidates are the interactions between
the polyhedrons (tetrahedrons) of the mesh (i.e., between the cells of the mesh), or between the
finite element basis (tent) functions directly (i.e., between the nodes of the mesh). Since a typical
mesh usually has fewer nodes than cells, using basis functions would result in fewer bodies and
fewer pairs of interactions. On the other hand, it is more difficult to determine the criterion for
closeness for the basis functions — a less efficient criterion would lead to a larger fraction of
interactions that have to be computed directly, resulting in a loss of efficiency.

The next choice is to determine the potential/field ® as well the base function of the multipole
expansion. The natural option is to use the scalar potential 1/|r| as the base for the multipole
expansion. For a magnetic body, the first moment of the expansion (the magnetic charge) would be
zero, while the second moment (the magnetic dipolar moment) is the dominant term at long range.

A concrete implementation of the fast multipole algorithm would require several equations that

need to be established:

o The criteria for when the bodies are close and the interaction is evaluated directly versus via

the far-field approximation.

e The multipole expansion of a body in terms of the scalar potential 1/|r|. As can be seen seen
from equations (2.37) and (2.38), this would encode both the magnetostatic potential ¢(r)
and the magnetostatic field H(r) = —V ¢ of the body.

o The interaction of a body with the global field: given the coefficients of a multipole expansion,

how to compute degrees of freedom for the demagnetising field.

e The evaluation of a direct interaction.

For the energy-based formulation (Section 2.2.1), the items 2 and 3 are very straightforward
to calculate (using equations (2.37) and (2.38)), so the main difficulty is to determine the cutoff
criteria for the direct interaction, as well as to efficiently compute the direct interaction itself. In
the energy-based formulation, this involves computing the magnetostatic energy of two interacting,
linearly magnetised polyhedrons. A novel semi-analytical method to do this is developed in
Chapter 4.
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2.4 Time integration of the Landau-Lifshitz-Gilbert equation

After spatial discretization with either the finite difference or the finite element method, the
dynamics of the system are described by the semi-discretized Landau-Lifshitz-Gilbert equation
for n magnetisation variables m;:

dm; 9
dt 1+ a2

[m; x Heg; + aom; X (m; x Heg ;)] i=1.n (2.61)

This is an ordinary differential equation with 3n degrees of freedom, written using normalised
magnetisation m = M /Mg, which is often easier to work with in code.

This equation can be integrated using standard methods for solving ODEs, however this
equation is stiff and explicit methods such as Runge-Kutta or explicit multistep methods are often
inefficient — implicit methods such as backwards differentiation formula (BDF) usually perform
better. The stiffness of the equation is due to the considerably higher strength of the exchange
interaction compared to other interactions present in the system. In principle, to resolve the high
strength of the exchange, small timesteps are required during time integration. However, in a
typical simulation neighbouring spins will seek to minimise the exchange energy and will remain
nearly parallel throughout the whole simulation — the neighbouring spins will rotate in lockstep
to ensure the exchange energy stays low, and the motion of the spins is on the timescale of the
other interactions. Intuitively, explicit integration methods might potentially get “stuck” probing
high-energy short-timescale motions where neighbouring spins move out of alignment, resulting in
a very short timestep required to resolve those motions (or numerical instability if a longer timestep
is forced).

The stiffness of equation (2.61) is a particular concern for finite element simulations. As
simulation cells get smaller, the strength of the exchange field increases relative to the strength
of the demagnetising field — in the FE case due to the 1/V] factor in equation (2.27), and in the
FD case due to the 1/|o| factor in equation (2.20). The non-regular meshes used in the finite
element method will nearly always have some smaller cells for which the stiffness problem is more
pronounced.

To efficiently resolve the stiff dynamics of the system, implicit methods require the knowledge
of the Jacobean of the differential equation (or rather, the inverse of it). The Jacobean is the
derivative of the right-hand side of the differential equation with respect to the degree of freedom
variables — in the case of the LLG, with respect to magnetisation. The derivation of the Jacobean
for the Landau-Lifshitz-Gilbert is shown in Section 2.4.1, however, before this can be done, one
extra challenge for the computation of the dynamical equation needs to be addressed.

This extra challenge is the requirement for the equation (2.61) to conserve the magnitude of the
magnetisation, |m| = 1. Mathematically, any solution to (2.61) conserves it, however due to the
accumulation of numerical errors in a simulation the magnitude of the magnetisation eventually
will diverge from 1.

To deal with this, so-called geometrical integrators have been developed that observe the con-

straint exactly [30], however such integrators are specific to the Landau-Lifshitz-Gilbert equation
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and cannot be implemented using existing ODE solvers such as SUNDIALS [31]. Instead, to
maintain the constraint we add a longitudinal relaxation term to the equation (2.61) that brings the

magnetisation back to its standard magnitude:

dm;
mi_ v [mz X Hef“ +am; X (mz X Heff,i)] + (1 — \m1]2) m; (2.62)

it~ 14a2 trelax

Here, t,c1ax is the time constant for the longitudinal relaxation which needs to be chosen based

on other parameters of the simulation. If £}, is too large, magnetisation may still diverge from
the magnitude of 1. If it is too small, the equation will become more stiff and the ODE solver will
be forced to choose a smaller time step. A heuristic rule used in the finite difference simulation

package simlib sets t,¢1ax to 1/10th of the characteristic time of the exchange interaction:

trelax = 0.1 - texchange (263)
Y H, xch
texchange = / 1 e—i—caaznige (264)
2A
HeXChange = 7M0M802/3 (265)

where A is the exchange constant, M the saturation magnetisation, and o the volume of the cells

in the mesh.

2.4.1 The Jacobean of the Landau-Lifshitz-Gilbert equation

If the discrete Landau-Lifshitz-Gilbert equation (2.62) is written in the form

dm

5 = £(m, Heg(m)) (2.66)

then the Jacobean of the equation is the derivative
J=VmL(m, Heg(m)) (2.67)

For a system with n degrees of freedom (in magnetisation) the Jacobean J is a 3n X 3n matrix.
It is clearly infeasible to store this matrix in memory. Instead, the implicit solver is usually provided
with a routine to compute the product Jv of the Jacobean with an arbitrary vector v. Using this
routine, the ODE solver will then use an iterative algorithm to find the inverse products J~'w
required for the implicit integration formula.

Therefore, the goal is to derive a formula for the Jacobean-times-vector product Jv. The
starting point is the identity

d
Jv = d—ﬁ(m + ev, Hegr(m + ev)) . (2.68)
€ e=!

Let H' be the derivative of the effective field with respect to magnetisation
H = VyHeg(m) (2.69)

Similarly to the Jacobean, H' is a 3n x 3n matrix, while H'v is a vector of length 3n. Using

the identity m x (m X Heg) = m(m - Heg) — Heg(m - m) and the Landau-Lifshitz-Gilbert
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equation with the longitudinal relaxation term (2.62) gives the following formula for the product

i
1+ a?
e

1+ a2

+ 1 [v(l — |m|2) —2m(v - m)}

Jv=—

[VXHeﬂf—FmXH/}

[v(m ‘Heg) + m(v -Heg +m-H') — H'(m - m) — 2Heg(m - V)] (2.70)

trelax

In practice, only the exchange and anisotropy are included in the Jacobean since both for
finite difference and for finite element methods (with the box method) the matrix H’ is sparse and
the product H'v can be computed using a single sparse matrix-vector multiplication. Since the
characteristic timescales for the demagnetising interaction are usually much smaller, even with
demagnetisation excluded from the Jacobean the implicit algorithm remains efficient.

The time integration methods described in this section were implemented in the finite element
package finmag used in Chapter 5 as well as the finite difference package simlib used in Chapters 3,

4, and for the eigenvalue method in 5.

2.5 Ferromagnetic resonance

Ferromagnetic resonance (FMR) is a common experimental technique to study the dynamics of
magnetisation using microwave fields. The absorption of the microwave field is measured as a
function of frequency; absorption is maximised when the frequency of the excitation matches one
of the resonant frequencies of the magnetic system. The absorption spectrum can then be used to
infer the properties of the system [32, 33, 34, 35].

Several methods are available to model ferromagnetic resonance in computation

e Direct method: application of a time-dependent periodic magnetic field and measuring the

amplitude of the precession of magnetisation induced by the field.

e Ringdown method: the system is perturbed from an equilibrium state by a small excitation
and subsequent dynamics are recorded. The Fourier transform of recorded data will reveal

the resonance frequencies and corresponding modes [36].

e Figenvalue method: instead of computing the time evolution, the problem is reformulated
as an eigenvalue problem; the eigenvectors correspond to normal modes and eigenvalues to

frequencies and damping times of the modes [37].

Modelling of ferromagnetic resonance is investigated in more detail in Chapter 5. The next
section provides a background for the eigenvalue method (method 3); it is based on an appendix
from the draft paper [3] that Chapter 5 is based on. Section 2.5.1.4 introduces a novel method to

compute the FMR spectrum of the damped system using the linear least-squares approximation.

2.5.1 Eigenvalue approach

In this section, we provide a brief summary of the eigenvalue method described in [37], with

modifications required to compute the Gilbert damping and excitation dependent FMR spectrum of
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the system along with the resonance frequencies and corresponding normal modes.
The dynamics of the micromagnetic system are governed by the Landau-Lifshitz-Gilbert (LLG)
equation:
~y

m:—m[mxﬂngramx (m x Heg)] = L(m), (2.71)

where m is the normalized magnetization: m = M/M;, with |M| = M being the saturation
magnetisation. If the system is in its equilibrium state mg, then £(mg) = 0. Small perturbations
from the equilibrium can be described as m = mg + v, with v L my since the |m| = 1 condition
is imposed. For a small ¢, terms of order 2 and higher can be neglected, which results in the

linearized equation (for the general case):

oL

om m—mo

v v. (2.72)

L

If the fixed linear operator L = g—m . is defined, the linearized equation can be written as

| m=im,
v = Lv. This is an ordinary differential equation, which can be solved by an ansatz of the form
v = Re(frei%f %). The normal modes (eigenvectors) v and oscillation frequencies (eigenvalues) f

can be found from the following eigenvalue problem

2rfv =Lv (2.73)

2.5.1.1 Linearized equation without damping

First, we consider the case when the damping term in the LLG equation is neglected (o« = 0).
Without damping, the magnetic moments precess indefinitely, and the LLG equation preserves
energy. In this simplest case the calculation of the linearized operator Lis fairly straightforward
and results in the following linearized equation of motion [37]

OHeg

- A A=|H, Id —
v =9mg X Av, |Heg (my)| S

(2.74)

where A is a positive definite Hermitian operator. The normal modes v and frequencies f of the

linearized equation can be found from the eigenvalue problem
—i27fmy X Vv = v Av (2.75)

The left-hand side of this eigenvalue problem contains the operator Bv = —img x v describing
uniform precession. This operator is Hermitian but not positive definite (its eigenvalues are +1).

Because of energy conservation, the oscillation frequencies fj that satisfy this eigenvalue
problem will be real and the normal modes v}, corresponding to different frequencies will be
orthogonal. These properties enable the efficient numerical solution of (2.75); the eigenvalues f
are the resonant frequencies and the complex magnitudes of the eigenvectors v are the normal
mode amplitude plots (the complex phase of v corresponds to the phase of the oscillations at the
corresponding sites).

However, in order to compute the FMR spectrum via the eigenvalue approach, we have to

consider the more complicated case of non-zero damping.
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2.5.1.2 Linearized equation with damping: perturbative analysis

For the case of sufficiently small non-zero damping «, a perturbative analysis can be performed
to determine the corrections to the eigenvalues. In this case, eigenvalues have the form A\ =
i2m f —1/7, where 7 is the characteristic time for the mode to decay to 1/e of its starting amplitude
value. It turns out that in the first order, the resonance frequencies are unchanged, and the damping
times can be found using a relatively simple analytic calculation without solving the perturbed
eigenvalue equation numerically [37]. Additionally, the coupling between the perturbed normal
modes is small if their frequencies are sufficiently separated — this property will be useful for the

calculation of the FMR spectrum.

2.5.1.3 Linearized equation with damping: numerical solution

To compute the actual FMR spectrum, we have to perform some extra work beyond the perturbation
analysis. More precisely, we have to derive the linearized equation in the presence of damping,
and solve the corresponding eigenvalue problem. The derivation of the linearized equation with
damping is straightforward but slightly tedious. We skip this derivation and instead compute the
linearized equation using the following numerical differentiation trick.

For the linearized equation, we have to compute the directional derivative
. oL d
Lv=|—-— =—L = 2.76
v ( o mm0> ] = L0mg + et)]emo 2.76)

For the test problem, the components of the effective field (demagnetization, exchange, bias) are
all either constant, or linear functions of m; therefore as a function of €, £L(mg + ev) is a degree 3
polynomial (the highest degree coming from the damping term m X m X Hg). This means that a
numerical differentiation rule of order 3 or higher will compute the derivative %E(mo + €v)]e=0

exactly.

2.5.1.4 Linearized equation with damping: spectrum computation

The previous sections outlined the method used to compute the frequencies and normal mode
shapes for the linearized equation, with or without damping. In this section we describe the
subsequent computation of the FMR spectrum, which also depends on the initial state of the system.
To determine the contributions of each normal mode to the total spectrum, we have to compute the
coupling between the initial state and the normal modes in the presence of damping. More precisely,
let n be the total number of the degrees of freedom (for a mesh with NV nodes, n = 3N). Let v,
1 =1,2,...,n be the set of eigenvalues (normal modes) without damping, 171@ ), 1=1,2,...,n
the set of perturbed eigenvalues in the presence of damping, and f; and 7; the corresponding mode
frequencies and damping times. Let vipitial = Minitial — Mo be the initial state of the system. Due
to the orthogonality property described in Section 2.5.1.1, we can assume that the non-perturbed
eigenvalues form an orthonormal basis with the respect to the Hermitian inner product defined by

the operator A ((z,y) := x - Ay*): (v, vj) = 0ij.
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To solve the linearized equation of motion Eq. (2.72), we need to expand the initial state vipitial
()

in the perturbed v, basis:

Vinitial = 3 Ci7, 2.77)
i=1

Once the coefficients C; are known, the full solution of the linearized equation (2.72) is

n
m(t) = my+ Z O, e(Zmiwi=1/Ti)t (2.78)
i=1
Given this full analytic solution, we can then calculate the spectrum using either of the methods

described in Section 5.2.3. Unfortunately, this expansion requires the knowledge of the complete
(p)

set of eigenvectors ¥, ~, which is numerically unfeasible to compute. Instead, we will attempt to
reconstruct the spectrum based on the first k& perturbed modes with the lowest frequencies (we used

k = 40). We would like to do this by finding the “best” approximation
k
Vinitial = »_ ¢0 + R (2.79)
i=1

We will look for this approximation in the subspace spanned by the first &’ non-perturbed normal
modes v;, with &’ > k (we used &’ = 60). Due to the frequency separation property mentioned
earlier, we can expect that this restriction will not affect the residue (the high-frequency modes will
not measurably contribute to the low-frequency spectrum). When restricted to this subspace, we

arrive at a system of k" equations with k& unknowns ¢;

k
(Vinitials ) = 3 (0 v;), i=1...K (2.80)
i=1
This linear system is overspecified but any residue will only contain the high-frequency modes
with frequencies above f;,, which do not contribute to the spectrum for frequencies below f;; that
we are trying to compute. It can be solved with a standard linear least-squares (linear regression)

method, allowing the determination of the coupling coefficients ¢; and thus the full solution (2.78).
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Chapter 3

Demagnetizing tensor in finite

difference micromagnetics

In the finite difference method, the demagnetizing field is usually computed as a convolution of
the magnetization vector field with the demagnetizing tensor (see Section 2.3.2). An analytical
expression for the demagnetizing tensor is available, however at distances far from the cuboidal
cell, the numerical evaluation of the analytical expression can be very inaccurate.

Due to this large-distance inaccuracy numerical packages such as OOMMF compute the
demagnetizing tensor using the explicit formula at distances close to the originating cell, but at
distances far from the originating cell a formula based on an asymptotic expansion has to be used.
In this chapter, we describe a method to calculate the demagnetizing field by numerical evaluation
of the multidimensional integral describing the demagnetizing tensor. This method improves the
accuracy of computation at intermediate distances from the origin.

The work described in this chapter was published in the Journal of Magnetism and Magnetic
Materials [2].

3.1 Introduction

Micromagnetic simulation of ferromagnetic nanostructures is a widespread tool to support research
and device design in a variety of fields, including magnetic data storage and sensing. The mi-
cromagnetic theory is based on partial differential equations proposed in [38] combined with an
equation of motion that can be solved to determine the time-development of the magnetization

vector function.

3.1.1 Micromagnetics

Numerical simulations in micromagnetics commonly solve the Landau-Lifshitz-Gilbert and the
associated partial differential equations using a finite difference discretization of space (including
OOMMF, LLG Micromagnetics Simulator, Micromagus, Mumax, Micromagnum [15, 39, 40, 41,
42]). In the finite difference method, space is discretized using a regular grid with cuboidal cells,

and the magnetization and other scalar and vector fields involved in the computation are assumed
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to be constant within each of these cubiodal cells. The magnetization vector field M is the primary
degree of freedom. As a function of M, which is represented by a constant within every cell,
various fields such as the exchange, anisotropy, Zeeman, and demagnetizing fields are computed.
These are added together, and enter the equation of motion for M as the effective field.

The most demanding part of the calculation is to determine the demagnetizing field: to compute
the demagnetizing field for one of the discretization cells, an integral over the whole magnetic
domain has to be carried out, which translates into a (triple) sum (in a 3d system) over all cells in
the finite difference discretization.

For a finite difference discretization of a three-dimensional sample with n; discretization
points in the x-direction, no points in the y-direction and ng points in the z-direction, there are
n = ningng cuboidal cells in total. To compute the demagnetizing field in each one of these cells,
we need to consider the total contribution of all n cells. Thus, to work out the demagnetizing field
for all n cells requires O(n?) operations using a naive approach. For realistic mesh sizes this is
infeasible. Instead, usually the demagnetizing field H is expressed as a discrete convolution of the

so-called demagnetizing tensor N and the representation of the magnetization M

n n2 ng
Hiigis = — Z Z Z N(rilizis - rj1j2j3) 'Mj1j2j3’ 3.1
J1=1j2=1j3=1
The triple indices i122%3 are used to index cells in the 3d-discretization, i.e. ¢; counting cells in
the x-direction, and correspondingly i and i3 in y- and z- direction. The vector r;,;,;, points
to the centre of the cell i1i2¢3 and M;, ;,;, 1S the magnetization in that cell, and H;,;,;, is the
demagnetizing field in that cell.

The discrete convolution (3.1) is typically carried out as a product in Fourier space as the regular
spacing of the finite difference cells allows straightforward use of the Fast Fourier Transform and
its inverse. The demagnetizing tensor N needs to be computed once for given geometry and
discretization, normally at the setup stage of the simulation. In this work we propose a new
procedure for the accurate computation of entries in the demagnetizing tensor.

The tensor N(r) describes the energy of the demagnetizing interaction between two uniformly
magnetized cuboids o and o2 of volume |o| separated by the translation vector r. It is a symmetric

tensor of rank 2, which we write in the dimensionless form following the convention from [11]

1 1
N(r) = _/ drl vrl vrgf er (32)
47-(’0‘ o1 oa(r) ’rl r2‘

E01<_>02 = /L()‘O" M1 . N(I‘) . MQ (3.3)

The computation of the demagnetizing field using the formula (3.1) follows the commonly
used energy-based approach to the discretization of the Landau-Lifshitz-Gilbert equation [8]. In
this approach (used in OOMMEF [15] and in our work), the components of the effective field
in each cuboidal cell are obtained via a minimization procedure applied to the discretized total
energy Fiota = 201702 Es, 0,. In contrast, in the field-based approach the discretized fields are
obtained from the corresponding continuous fields by e.g. sampling at the cell center [43, 44, 45, 8],

and the demagnetizing tensor (3.2) is not used.
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3.1.2 Numerical accuracy of N(r) evaluation

The components of the demagnetizing tensor can be computed via an analytical formula [10, 11,
12, 13]. However, when r = r, — 1, is large compared to the size of the mesh cells (i.e. when
the interacting mesh cells at r, and r;, are far apart on the grid), evaluation of this expression on a
computer can result in a loss of significant digits, to a point where the computed answer contains
no significant digits at all [14].

The loss of accuracy is caused by catastrophic cancellation: the terms of the analytical expres-
sion correspond to indefinite integrals with 73 order of growth, while the demagnetizing tensor
itself (the definite integral) is of the order 1/73. On modern CPUs, double-precision floating
numbers contain approximately 15 significant digits, therefore the relative error in the computation
of the demagnetizing tensor using the analytical formula is of the order 10~'°7%. One can therefore
expect that for cell separations greater than 101%/6 ~ 300 the analytical computation will contain
no significant digits at all (i.e., the relative error will be greater than 1).

Indeed, the above estimate is confirmed if the result of the computation using the analytical
formula is compared to the exact (up to machine precision) value of the demagnetizing tensor. The
exact value is computed using specialized high-precision libraries (see Sec. 3.2.2 and 3.3.7). As
seen in Fig. 3.1, the relative error 7) of the analytical computation grows as 7% and crosses the = 1
threshold at a separation of about 300 cells.

The micromagnetic simulation package OOMMF counteracts this inaccuracy problem by
utilizing an asymptotic expansion of the demagnetizing tensor [14] in terms of powers of 1/r up
to 6th order. In this chapter we investigate an alternative approach to deal with the catastrophic

cancellation problem, which is to compute the integral (3.2) directly using numerical integration.

3.2 Method

As outlined in section 3.1, the 6-d integral described in (3.2) can be computed using
e an analytical formula [11],
e an asymptotic expansion [14],
e numerical integration.

For computing integrals in one dimension, multiple highly-accurate methods are available.
However, the computation of multidimensional integrals is hindered by the so-called curse of
dimensionality, where the number of integration points increases exponentially with the increase in
dimension. Since the demagnetizing tensor N(r) has to be computed for all possible grid offsets r,
the integration method for this six-dimensional integral needs to be both accurate and fast.

The tradeoff between accuracy and computational effort can be achieved using the sparse grid
family of methods, also known as Smolyak quadrature [46] (for a brief review of other alternatives
see [47]).
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The sparse grid method is used to extend one-dimensional integration rules to integration
formulas in multiple dimensions. Below we summarize the key ideas of the method [47]. Starting

with a one-dimension family of integration formulas [; for computing the 1d integral

1 nk
/ f(z)dx =~ Ii[f] = Zakif(xki) 3.4)
0 i=1
we can write the formal identity

1
/0 F(@)dz = Tolf] + (L) — Tolf]) + ..
— Aol 4+ Ai[f]+ ...

where A, = I, — I._1 and Ay = 1.
An example for a family of integration formulas I}, are Gaussian integration formulae with
k + 1 points.

Now, we apply the above formal identity d times to obtain a d-dimensional integration rule
d - -
/[ )= (TIAY +af +..))i) (3.5)
0,1 «
) j=1

Here the A,(j ) operator applies the approximation (3.4) to the j-th argument of the function f,
and the [ [ symbol represents the operator product, i.e. repeated application of . Ag )in all d
dimensions.

The formal expansion (3.5) is infinite; to obtain a practical integration formula we need to

truncate it. Smolyak quadrature achieves this by expanding the product (3.5) and grouping together

terms Agll) . -Al(j) with the same term order k = i1 + ... + i4:
. 7008 = Qulf + Quls] (3.6
~ Qolf] + Qilf] + ...+ Qxlf] (3.7)
where
Qlfl= > APaR Al (3.8)
i1+ Hig=k

Compared to the evaluation of the d-dimensional integral using a naive d-fold product (which
required n% integration points for rule I), the Smolyak formula (3.7) greatly reduces the number
of integration points required to achieve a certain level of accuracy, as long as the integrand is
reasonably smooth.

Different one-dimensional families (3.4) will result in different multidimensional formu-
las (3.7); in our testing for the demagnetizing integrand (3.2) we obtained the best results when
using the “delayed Kronrod-Patterson sequence” developed by Petras [47]. The delayed sequence
is based on the Kronrod-Patterson family of 1d integration formulas I ?P [48], however some of the
formulas are repeated to lower the rank of approximation (and the required number of integration

points), determined by the “delay sequence* k;:

etved = KP 3.9)

7
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For the maximum delay sequence [47] the formulas are repeated so that the 1-d rule I; delayed 4

accurate for polynomials up to rank :

k@full :0717172a2a273737373?37374?"' (310)

3.2.1 Integrand
3.2.1.1 6d method

A straightforward way to compute the demagnetizing tensor numerically would be to apply the

sparse grid formulas to the 6-d integral (3.2).

3.2.1.2 4d method

Due to the high dimensionality of the 6d integral, the number of required integration points will be
quite high. To reduce the dimensionality, we can transform the 6-d volume integral (3.2) to a 4-d
surface integral using a variant of Gauss’s theorem. The procedure is described in [11] and results
in the following formulas for the components of the demagnetizing tensor where we have used the

notation of [11]

1
Now(X, YV, Z)= ——— [2F(X,Y,Z) — F(X + Az,Y,Z) — F(X — Az,Y, Z
(X.Y.2) = i [PP(X.Y.2) = F(X + A0.Y.2) = F(X = Aa.Y. )]
1
Nyy( X, Y, Z - XY, Z2)-G(X—-Az,Y, Z)-G(X,Y+Ay, Z X—Az, Y+Ay, Z
with
Az Ay Az Ay

F(XYZ)—//// dz dydz' dy
T VXE+y+Y —y)2+(z+Z—2')2
0 0 0 O
Z  z4+Az X+Azx

/ /
G(X,Y, 2) / / / / dydzdz' dx
T2 y2 + 22

Y-AyZ-Az =z

and

where (X, Y, Z) = r is the vector between the two interacting cells, and Ax, Ay, Az are the edge
lengths of the cuboidal cells.
To simplify the application of numerical integration formulas, we transform the above expres-

sions so that integration is performed over the unit cube [0, 1]*.

11 1 1
N.(X,Y, Z) ://// 2]-'X Y, Z) ]:(X+A:E,Y,Z)—}'(X—A:U,Y,Z)] dzdydz dy
0000

(3.11)

11 1 1
Ny (X, Y, Z) ////dydzdz'da:'x
0 0 0 O

x [G(X,Y,2)—G(X —Az,Y,Z) —G(X,Y + Ay, Z) + G(X — Az, Y + Ay, Z)] (3.12)
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Figure 3.1: The relative error 7 in the computation of the demagnetizing tensor as a function of
the distance between the interacting cuboids, 1 x 1 x 1 cell size, Kronrod-Patterson sparse grid

integration with full delay, order k = 7 [47], double precision arithmetic (precision ~ 10716),

with
Ay Az 1
Am Az /X2 + (Ayy+Y — Ayy )2 + (Az 2+ Z — Az 2/)?
G(X,Y,2) = ~F !
A /(X + Az 2’ )2 + (Y + Ay(y — 1))2+ (Z + Az(z + 2/ — 1))2
The remaining components of the tensor can be obtained by variable substitution (for example,
Ny (X,Y,Z) = Ny (Y, Z, X)).

In this approach, we are essentially computing two dimensions of the 6-d integral analytically,

F(X,Y,Z) =

and the remaining four numerically. As we shall see, the two analytical steps introduce a small

amount of cancellation, but the required number of integration points is significantly reduced.

3.2.2 Error estimation

To determine the accuracy of the computed demagnetizing tensor IN, we compute its exact (to
machine precision) value Ny, via the analytical formula using the GNU MPFR high-precision
floating point library [49], and evaluate the relative error 7:

= N =Nl
HNexactH

where the matrix norm is defined as ||N|| = m .

(3.13)

3.3 Results

3.3.1 Overview

Figure 3.1 shows the comparison of the accuracy of the analytical formula, the asymptotic expan-

sion, and the numerical sparse grid integration methods as a function of the distance between cells
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using (8 byte) double floating point. For the numerical sparse grid integration, the 4d method (Sec.
3.2.1.2) has been used.

While the aspect ratio of the cuboidal cell with edge lengths Ax, Ay and Az affects the results
somewhat, they are independent of the absolute size of the cuboidal cell. We have chosen Az, Ay
and Az = (1,1, 1) so that the distance |r| between interacting cuboids is expressed in the number
of cells between the interacting cuboids. For example, for a micromagnetic simulation with a
5nm x S5nm X 5nm cell size, the distance of 10 on the plot in Figure 3.1 corresponds to a 50 nm
distance on the mesh.

We start by discussing the analytical formula shown as a red solid line in Fig. 3.1. Its relative
error 7 for very short distances is 1074, We cannot expect an error below 106 as this is the
precision of the double floating point numbers used. As the distance between interacting cells
increases, the analytical formula becomes less accurate. At a separation of 100 cells, it is about
10~%, meaning that only the first 4 digits are correct. In fact, beyond a distance of about 300
cells the relative error becomes greater than 1, indicating that no digits of the double float can be
expected to be correct and that not considering the demagnetizing tensor beyond that point would
be more accurate than computing it analytically.

The asymptotic expansion (blue dash-dotted line in Fig. 3.1) starts with a large relative error
n ~ 1072 for short distances, which decreases as the distance increases. At about 200 cells
distance, the relative error is ~ 107! and remains of that magnitude for larger distances. The
smooth reduction of the error with distance reflects the way the high-order moments of the cuboid
interaction decay with increasing distance, thus making the asymptotic approximation increasingly
more accurate. The asymptotic expansion is more accurate than the exact analytical expression for
distances greater than about 11 cells.

The precise number of cells for which this crossover occurs depends on the aspect ratio of
the discretization cell as well as the direction of the separation vector between the two interacting
cuboids. In practical implementations of finite difference micromagnetic codes a crossover point
needs to be identified. In OOMMEF, by default the asympotic formula is used for distances above
32 cells, which for this example corresponds to an error of 1076,

The numerical sparse grid integration error (black dotted line in Fig. 3.1) also starts around
10~2 for short distances and decays to 10~ for a cell distance of about 7. For very short distances,
the integrand (3.2) varies quickly (it diverges for |[r| — 0) and numerical integration is inaccurate.
For cell distances between 7 and 70, numerical integration is more accurate than the analytical
expression, and more accurate than the asymptotic expansion. Beyond radius 70, the asymptotic
expansion is more accurate than numerical integration. The slight inrease in the relative error of the
numerical formula with increasing distance is caused by the cancellation introduced by Gauss’s
theorem (see 3.2.1.2).

In summary, the numerical evaluation of the analytical formula is most accurate for short
distances, and the asymptotic expansion is most accurate for long distances. The new sparse grid

integration method introduced here is most accurate for intermediate distances.
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3.3.2 Sparse grid integration parameters and execution performance
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Figure 3.2: Comparison of numerical integration schemes for computing the 4d integral (3.11)-
(3.12); KP: sparse grid integration based on the delayed Kronrod-Patterson 1d rule [47]; Gauss:
sparse grid integration based on the delayed Gauss 1d rule; fixed order: 9th order rule with 145
integration points [50, 51]; k: the rule’s order of approximation; (-): the number of integration

points.

In the sparse grid method, the order of approximation is a parameter that can be adjusted to
reach the desired level of accuracy or performance. For lower orders of approximation, one can also
use fixed-order integration formulas that usually provide the same accuracy with fewer integration
points. An extensive library of such formulas is available [50, 52, 53, 54].

Since the computation of the demagnetizing tensor is a one-off cost, higher order, more accurate
integration formulas would be preferable. In Figure 3.2 we show the results for a number of sparse
grid formulas as well as for a 145-point fixed-order formula from [50, 51].

The most accurate method considered here is the 641-point 7th order sparse grid method
based on the 1d Kronron-Patterson sequence with full delay [47]. The delayed Kronrod-Patterson
methods with orders 6 and 5 have fewer points and decreased accuracy. Formulas based on Gauss
or Kronrod-Patterson sequences with medium delay require extra integration points to achieve the
same level of accuracy and are thus suboptimal compared to the Kronrod-Patterson family with full
delay.

The 145-point fixed order formula is more accurate than the 193-point 5th order Kronrod-
Patterson formula, but slightly less accurate than the 385-point 6th order formula.

Based on these results, we recommend using either the 145-point fixed order formula or the
Kronrod-Patterson fully delayed formula with order 6 or 7, depending on required accuracy and

performance.
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Figure 3.3: Comparison of numerical integration of the 4d integral (3.11)-(3.12) versus the 6d
integral (3.2), Kronrod-Patterson 1d rule with full delay, 1 x1x 1 cells.

3.3.3 Comparison of 4d and 6d integration

As an alternative to computing the 4d integral (method 3.2.1.2), we can also compute all of the 6
integrations numerically (method 3.2.1.1). The results for the 6d integration method are shown in
Figure 3.3. All red dashed curves show results for the 6d method, and all black solid lines show
results for the 4d method.

Both for the three 4d data sets and the three 6d data sets, we can see that the decrease in the
error with increasing distance is faster for higher order methods. The 4d lines show minimal error
between 8 and 11 cells distance, and for larger distances the error increases a little — this reflects
the numerical cancellation from subtracting large terms that increase with distance and originate
from the analytical integration that has been carried out over 2 dimensions. On the contrary, the 6d
data sets — where the whole 6d integral has been computed numerically — does not suffer from
this and the error remains small (< 10~'%) for larger distances. However, the number of evaluation
points is higher compared to the 4d method.

As seen in Figure 3.2, even the lowest order quadrature formula gives a sufficient accuracy gain
in the intermediate range to be better than the analytic and the asymptotic expression. However,
in time-dependent micromagnetic simulations the computation of the demagnetizing tensor is a
one-time setup cost, and the setup cost is only slightly influenced by the order of the integration
formula — one might as well choose the higher order, more accurate formula.

Comparing the 4d and 6d method, we suggest the 4d method as it is faster to compute. The 4d
method is less accurate than the 6d for the largest distances but this is of little practical concern —

for those distances, the asymptotic expansion can be used instead.

3.3.4 Performance

In table 3.1, we show performance measurements for computing the entries in the demagnetizing

tensor. For the fixed order (k=9) 145-point integration rule, the computational cost is comparable
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to the analytical formula, while the KP full delay (k=7) 641-point rule is approximately 5 times
slower. The total cost of evaluating the demagnetizing tensor on a 400 x 40 x 1 mesh was 95 ms
(Table 3.2) for the 145-point rule and 351 ms for the 641-point rule. Since a typical dynamical
micromagnetic simulation usually requires 10,000 or more time steps, the one-time cost of setting
up the demagnetizing tensor is minor even for the 641-point rule. For the sample system studied
here, evaluating the effective field and dm/dt once takes 4 ms. We also note that as the mesh grows
larger, more of the entries can be computed using the extremely fast asymptotic formula, resulting

in sublinear scaling of the total cost with mesh size n.

Method Time per cell, ns
Analytical 8.5
Integration, 145 points 9.8
Integration, 641 points 432
Asymptotic 0.2

Table 3.1: Per-cell cost of computing the entries of the demagnetizing tensor, workstation: dual
CPU Intel E5506 2.13 GHz (8 threads), compiler: GCC 4.7.2.

Method Total time, ms
Combined, 145 points 95
Combined, 641 points 351
LLG dm/dt evaluation 4

Table 3.2: Total cost of computing the demagnetizing tensor for a 2000 x 200 x 20 nm? mesh,

5 x 5 x 20nm cells.

3.3.5 Single point floating precision

The recent rise of General Purpose computing on Graphical Processing Units (GPGPU) has
re-invigorated single-precision floating point operations: on these architectures single precision
floating point operations are generally much faster, and on cheaper cards the only type of floating
point operations provided. Additionally, the available RAM on the GPU card is limited, providing
another incentive to use single rather than double precision floating point numbers.

We repeat the study presented in figure 3.1 but use single precision numbers for all methods
and show the results in figure 3.4. The qualitative findings are the same as for double precision
numbers: the most accurate methods are as a function of increasing distance: (i) the analytical
formula, (ii) the sparse grid numerical integration technique and (iii) the asymptotic expression.

However, the relevant cross-over points have moved to shorter distances. The analytical
expression becomes less accurate than numerical integration for more than 2 cells distance, and the
asymptotic expression is more accurate than numerical integration for spacings greater than 8 cells.

As mentioned in 3.3.1 we find that the analytical expression for double precision (Figure 3.1)

provides only 4 significant digits (i.e. a relative error of 10~%) for a distance of 100 cells. For single
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Figure 3.4: The relative error n of computing the demagnetizing tensor using single precision
arithmetic (precision ~ 10~7), 1 x 1 x 1 cell size, Kronrod-Patterson sparse grid integration with
full delay, order k = 7.

precision (Figure 3.4) we find that the analytical expression provides the same level of accuracy
(i.e. 4 significant digits) only for distances up to 3 cells. Correspondingly, the distance for which
the relative error exceeds 1, moves from over 300 cells with double precision to 11 cells with single
precision.

The accurate calculation of the demagnetizing tensor entries using single precision floating
point numbers only is challenging — using the best methods currently known and combining the
three methods shown in figure 3.4, the relative error can be kept around or below 10~%.

For practical use of GPGPU single precision calculations for micromagnetic simulation, we
recommend to compute the demagnetizing tensor using double-precision — either on the GPU with
some reduction in speed if the GPU hardware supports this, or on the CPU with a more significant
time penalty. As the computation of the demagnetizing tensor (3.2) only needs to be done once
and subsequent computations of the demagnetizing field as required for energy minimisation or
time stepping only require to carry out the convolution (3.1), it should be acceptable to increase the

accuracy of the demagnetizing tensor for a one-off time penalty in the setup phase.

3.3.6 Forward and backward Fast Fourier Transform

Our tests showed that the forward and inverse fast Fourier transforms required to compute the convo-
Iution (3.1) did not introduce any significant numerical error in the calculation of the demagnetizing

field (either single or double precision).

3.3.7 Other high accuracy methods

We note for completeness that there are other options to compute the demagnetizing tensor more

accurately than any of the methods outlined above if high accuracy is of utmost importance.
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There are high precision arithmetic libraries available which provide software implementations
of floating point operations: the library user can choose the number of significant digits used
in the calculations (where 8 would approximately correspond to single precision accuracy and
16 to double precision floating point numbers). The larger the number of significant digits to
be used, the slower is the execution of these operations. We have used this technique to obtain
the reference data Neyye required to compute the error 1 (3.13). Using such libraries requires
significant changes to source code, and execution is extremely slow. It is impractical to use such

libraries for micromagnetic simulation.

3.4 Summary

We have compared the accuracy of computing the demagnetizing tensor using the analytical
formula, the asymptotic expansion, and numerical integration. We obtain and provide quantitative
data on the relative error of demagnetizing tensor entries computed using all three methods.

We propose a new method using numerical integration to compute the entries of the demagne-
tizing tensor which allows to increase the accuracy from an error of 10~% to an error of only 1012
for intermediate distances of between 4 and 80 simulation cells for the commonly used double
precision floating point numbers. In the context of micromagnetic simulations, we find that the
7th order 641-point Kronrod-Patterson sparse grid formula with full delay [47] and the fixed-order
145-point rule [50, 51] provide a reasonable tradeoff between accuracy and performance.

In the context of recent GPGPU use in micromagnetic simulations, we also obtain accuracy

data for the three methods using single precision floating point numbers.
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Chapter 4

Computation of the magnetostatic
interaction between linearly magnetized

polyhedrons

In this Chapter we present a method to accurately compute the energy of the magnetostatic
interaction between linearly (or uniformly, as a special case) magnetized polyhedrons. The method
has applications in finite element micromagnetics, or more generally in computing the magnetostatic
interaction when the magnetization is represented using the finite element method (FEM).

The magnetostatic energy is described by a six-fold integral that is singular when the interaction
regions overlap, making direct numerical evaluation problematic. To resolve the singularity, we
evaluate four of the six iterated integrals analytically resulting in a 2d integral over the surface of a
polyhedron, which is nonsingular and can be integrated numerically. This provides a more accurate
and efficient way of computing the magnetostatic energy integral compared to existing approaches.

The method was developed to facilitate the evaluation of the demagnetizing interaction between
neighouring elements in finite-element micromagnetics and provides a possibility to compute the
demagnetizing field using efficient fast multipole or tree code algorithms.

The work described in this chapter is currently being prepared for submission to a journal.

4.1 Introduction

In the continuum form of the Landau-Lifshitz-Gilbert equation, the effective field Heg(r) is
the functional derivative of the total energy functional £ (M) with respect to the magnetization
M(r) [1]:

1 6F
H(r) = —— (4.1
(x) fo 6M(r)
E = EZeeman + Edemag + Eanisotropy + Eexchange + ... (4-2)

In numerical micromagnetics, the dynamics of magnetization are described by the semi-
discretized Landau-Lifshitz-Gilbert equation, in which the motion of magnetization is computed

from the discretized effective field. It is desireable to preserve the relation (4.1) between effective

34



field and total energy in the semi-discretized formulation [8] — if (4.1) holds for the discrete
system, then the total energy will decrease in the simulation, simplifying the use of energy-based
criteria for the control of the simulation or the search for an equilibrium.

In order to preserve (4.1), the effective field has to be computed from the discretized total energy
function using the corresponding discrete counterpart to the functional derivative 6 E/dM(r).
For the exchange, anisotropy, and Zeeman terms this is usually straightforward, however for
the demagnetizing field it is more difficult. In finite difference (FD) micromagnetics, it can
be achieved by computing the total demagnetizing energy of the system using the analytical
expression [10, 11, 12, 13] for the demagnetizing tensor, and then differentiating with respect to
the degrees of freedom [15, 8]. However, in finite element (FE) micromagnetics, the demagnetizing
field is usually computed using the FEM/BEM method [18, 21] where the field is derived from the
magnetostatic potential, and the energy is not computed exactly.

It is therefore desireable to be able to accurately and efficiently compute the total magnetostatic
energy of a system represented by a set of polyhedral elements, with magnetization linear inside
each polyhedron (as in the FE method with linear Lagrange elements). The total energy of the
system is the sum of pairwise interactions between the polyhedrons and in this chapter we describe
how to compute this pairwise interaction.

Given two interacting magnetized polyhedrons 7 and 7/ with arbitrary magnetizations M(r)

and M/(r), the energy E, ., of the magnetostatic interaction between them is:

B = —pi / M(r) - Hjjoyp0(r) dr = / / M(r) - (Vo Vy " _1 ] ) - M/(r') dr dr’
4.3)
where Hy . (r) = — Ve [LM/(r') - Vi (1/|r — r'|) dr’ is the demagnetizing (stray) field
produced by the polyhedron 7'.

The straightforward approach of numerically computing the integral (4.3) is problematic
because it requires explicit integration over a 6-dimensional region of space; additionally, when
the polyhedrons overlap or coincide, the integrand is singular and regular integration methods
cannot be applied. Many analytical results are available for similar 3-fold integrals arising during
the calculation of the field [55, 56, 57, 58, 59]. However, none of the formulas can be easily
adapted to this more complex 6d case. In [60] a method is developed for removing the singularity
in (4.3) that can be applied to the uniform magnetization case but does not generalize easily to the
linear magnetization case. A Fourier-transform method has been devised for the computation of
magnetostatic energy [61, 62], however for the case investigated in this chapter, the required 3d
numerical integration in the Fourier space is still somewhat impractical.

The rest of the chapter describes the proposed method for the computation of this integral.
The main approach is to analytically perform 4 out of 6 iterated integrals resulting in a 2d surface
integral that is nonsingular and can be evaluated numerically using standard methods. This semi-
analytical approach is similar to [63]; the use of notation and vector analysis in the analytical

derivation is similar to the techniques in [58, 59].
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4.2 Formulation of the problem

For the purposes of computation, an arbitrary linear vector-valued function in space M(r) can be
represented by a 3 x 4 matrix |[M;;||: M(r) = ||M;;]| - (1,74,7y,7-)T. However, performing
analytical calculations for this general case is quite inconvenient; instead we only consider vector-
valued linear functions of the form A(r)M where A(r) is a scalar linear function and M is
a constant vector. For the common case of a tetrahedral element, an arbitrary linear vector-
valued function M(r) can be reconstructed from the vertex values M;, i = 1...4: M(r) =
Z?Zl A;i(r)M;, where A;(r) are the shape functions of the tetrahedron.

We perform the computations for a pair of interacting linearly magnetized polyhedrons 7 and
7' with magnetizations A(r)M and B(r)M’, where M and M’ are constant magnetization vectors
and A(r), B(r) are dimensionless linear functions in space. From (4.3), the energy E, ., of the
magnetostatic interaction between the polyhedrons is E.,,» = 42 M - N - M/, where N is the
symmetric 3 X 3 “demagnetizing tensor”

N = / / A(r)B(r')VrVr/; dr dr’ (4.4)
) v — x|

The goal of this chapter is to compute this sixfold integral given the coordinates of the vertices
of 7 and 7" and the coefficients of the linear functions A(r) and B(r). When the polyhedrons 7
and 7’ are separated, the integral can be computed numerically, however when the polyhedrons
overlap or coincide, the integrand is singular and standard numerical integration is inaccurate.

To deal with this issue, we analytically reduce the double volume integral (4.4) to a double
surface integral, then evaluate the surface integral over r analytically, and the second surface
integral integral over r’ numerically. This procedure is similar to the one employed in [63] — the
four analytical steps result in a surface integral with a bounded integrand that can be integrated
numerically with reasonable accuracy and efficiency.

A short notice on units: the demagnetizing tensor commonly used in finite difference micro-
magnetics [11] is dimensionless, however the tensor N computed in this chapter (4.4) has units of

volume.

4.3 Method

The analytical derivation proceeds in the following three steps:

o transform the double volume integral (4.4) to a double surface integral using Gauss’s theorem,

removing linear factors via integration by parts (Section 4.4),

e express the integrand for the outer surface integral over r’ as a linear combination of primitive
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terms (Section 4.5),

1
Io(T;7") :/ —ds 4.5
or—r’ |R|
R
Ii(r;1") :/ ——ds 4.6)
or—r’ |R|
R®2
Io(7;1") :/ ds (4.7
or—r’ |R|

where Ot is the polygonal surface of the polyhedron 7, 97 — r’ is the same surface shifted
by r’ according to the the substitution R = r — r’, and ® denotes tensor multiplication (i.e.

R®? is a symmetric tensor of rank 2).

e analytically integrate the primitive terms Ij, over each polygonal surface, again by applying
integration by parts, Stokes’ theorem (for integration over a surface), and gradient theorem

(for integration over a line), Section 4.5.1.
The equation (4.17) derived in step 2 (see Section 4.5) together with the corresponding analyti-
cal formulas for the primitive terms Iy form the main result of the chapter.
4.3.1 Auxiliary functions

The derivation of the analytical formulas for Iy, requires the computation of a number of auxiliary

functions:

Jo(; 1) :/ |R|ds (4.8)
or—r’
Ro 1
R, R :/ —dl 4.9)
no(R1, Ra) R (
Ro R
’I’]l(Rl,Rg) :/ —dl (4.10)
R; |R|
Ro
Mo(R1, Ro) 2/ |R[dl (4.11)
R:
Ro
AR, Ry) = R|R|di 4.12)
R:
4.13)

The relation between the formulas for these functions is shown below (an arrow indicates that

the formula at the source depends on the formula at the target):

no «—— Io

[

)\0 +— I 4.14)

[

Jo I A1 M
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4.4 Analytical derivation — reduction to a surface integral

The first step is the conversion of (4.4) to a double surface integral. Due to the high complexity of
intermediate expressions the derivation was performed using a computer algebra system. Table 4.1
shows the identities used in the derivation, they are applied repeatedly in a straightforward manner
to integrate the terms and simplify the result. We chose to express the vector/tensor identities using
tensor notation which is compact and more suitable for computer algebra than using explicit indices
(with Einstein summation).

After repeatedly applying the identities in Table 4.1, we arrive at the following formula for the

demagnetizing tensor

/ —1 I‘/ n, - I‘—I'/ N,
N = /8 /a nys (v =) e © VB — LB (- (r — 1)) my © VA

(r—1'))(ny - (r—1") VAR VB + A(r) B(r') n, ® n,

(4.15)

dsds

v —r'|
where n, n,s are the normal vectors to the corresponding surfaces and V A, V B are the (constant)
gradient vectors for the linear functions A(r) and B(r). As expected, the formula is symmetrical
under replacement A <> B, r <> r’ and reduces to Gauss’s theorem when A(r) and B(r) are
constant.

Side note: in principle, all derivations could be performed with scalars instead of tensors by
computing the scalar counterpart to the integral (4.4)

N(m,m')=m -N-m —// A(r (m-V )(m'~Vr/)’r1r/’drdr’ (4.16)

With this method the auxiliary vectors m and m’ would have to be included in all intermediate

derivations; this would remove the need to keep track of tensor indices at the cost of slightly

expanded notation.

Gauss’s theorem / V:Fdr = / n® Fdr
v v
gradient of a product aViF =V, [aF|-Va®F
k N® k+1
ek | (x—1)®" 1 (r—1')
integration of ] Fy— =13 - P

Table 4.1: Identities used in the conversion of the double volume integral (4.4) to a double surface
integral. Here F(r) is a tensor of any rank and a(r) is a scalar. When the gradient operator V
is applied to a vector or tensor, we assume that the new tensor index is added at the front (i.e.

V fjk = 0; fjx). Similarly, divergence applies to the first index of a tensor (i.e. V - f;r. = 0, fjr).

38



4.5 Analytical result — integrand and the primitive terms I;

The next step is to express the inner integral over r in (4.15) in terms of the primitive inte-
grals Iy, (4.5)—(4.7). By using the identity A(r) = A(r') — (r — ') - VA, we get

N = - [%A(r’)(n/ I1)(n®VB) + B(I")(VA . 11)(n®n/) _ %B(r')(n ) Il)(VA®n/)

+A()B(r)I[yn®@n' — é]g(n, n')(VA® VB) + %IQ(VA, n')(n® VB)] ds'

(4.17)
Note that the primitive integral Iy, is a tensor of rank k and is a function of r’.
4.5.1 Evaluation of I,
The integral Iy has been computed in [58] (eq. (17) for W (r) in [58])
Iy = Z - Z (nxu-Ri)no(R1,Re) — (n- Ry) QF) (4.18)

Fedr—r/ (R1,R2)€0F

where the outer sum is over the facets F' of the polyhedron surface 97 — r’, the inner sum is over
the line edges (R, Ra) of the facet, n is the facet normal, u = (R2 — Ry) /|R2 — Ry is the unit
vector along the edge, R is any point on the facet, and 2(F")) is the solid angle of the facet I’
from the origin.

The integral I; has been computed in [59] (eq. (27) in [59])

L= Y |- Y (nxu)X(R;Ry)+ (n-Ry)nlo(F) (4.19)
Fedr—r' | (Ry,Ry)€OF
Note that in the expression for Iy, each term of the sum over the facets references the integral Iy(F')
applied only to that facet, not the whole surface.

The derivation of the formula for the integral I is shown in 4.7.1

L= > |- Y (@xuweM®R,Ry)+ (@0 —1Id)J(F)+ @0 Ry)n@ L (F)
Fedr—r/ (R1,R2)€0F
(4.20)

Again, each term of the sum over the facets references the integrals Jo(F') and I; (F') applied only
to that facet.
The auxiliary function ng (used in the equations for Iy and \;) has been computed in [58]

(eq. (18) for we(r))

[Ri[ + [Ra| + [R2 — Ru|,
[Ra2[ + [R1 — [R2 — Ry]
The auxiliary function )¢ (used in the equations for Iy and Jp) has been computed in [59]

(eq. (22) for Ac(r))

no(R1,Rz) =1In 4.21)

1 1
)\o(Rl,Rg) = iu(RglRQ‘ — Rl‘RlD + §‘R1 X u’zno(Rl,Rg) 4.22)
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The auxiliary function Jy (used in the equation for I) has been computed in [58] (eq. (22) for
Ay(r))

1 1
Jo = Z - Z nx Ry- u)\o(Rl, Rg) + g(Rf : n)QIO (4.23)
Fedr—r' (R1,R2)€0F

The derivation of the formula for 1, (used in the equation for A;) is shown in 4.7.2
’l’]l(Rl,R2> = u(\R2| — ‘Rﬂ) —u X (u X Rl) 770(R1,R2) (4.24)
The derivation of the formula for A; (used in the equation for I5) is shown in 4.7.3

ARy, Ro) = (T4 u () [IRIwR) (R Ju (wR)) | +uxRy[2(1d— Ju (w)) m, Ry, Ro)|
1 (4.25)
with the notation f(R) Ef = f(Rz) — f(R1).

4.6 Numerical results

In order to numerically verify the analytical results in Section 4.5 we need a way to compute the
energy integral (4.3) exactly or with sufficient precision. For a cuboid, we could do this if the
magnetization was constant by using the analytical expression for the demagnetizing tensor [10, 11,
12, 13]. However, for a constant magnetization the gradient terms V A and V B in our analytical
expressions would be zero, and for a more comprehensive test we have to cover the case of
(nontrivial) linear magnetization. The authors are not aware of an analytical result that could
be used as a reference in this case, instead, as a reference we used a series of finite difference

micromagnetic simulations with progressively increasing mesh size until convergence was reached.

4.6.1 Test problem formulation

The test system is a magnetized cuboid with dimensions 1.7] x 1.3l x [, where [ is a arbitrary
length parameter. A linear magnetization function M(r) of the cuboid can be written in the general

form

where L is a 3 x 4 matrix. In this equation we have used the length parameter / to make the units
of L uniform.

The 12 entries of the matrix L can also be written as a column vector Lyec; we assume Ly 1S
formed by stacking the columns of L (i.e, the first 3 entries of Lye. come from the first column of
L, and so on).

The demagnetizing energy F = E(L) of the cuboid is a quadratic function of L which we
write in the form

1
E(L) = _§U0l5 Lyec - € - Lyec
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Here, £ is a symmetric 12 x 12 matrix; the factor I5 is introduced to make £ dimensionless.
The entries in £ do not depend on [ but only on the aspect ratio of the cuboid (1.7 x 1.3 x 1 in our
case).

To verify our analytical formula, we compute the entries of the matrix £ in two ways:

e Via finite difference micromagnetic simulations with a progressively finer mesh until conver-

gence, producing the reference matrix &,¢f.

e By subdividing the cuboid into tetrahedrons and calculating pairwise interactions between
the tetrahedrons using our new analytical formula (4.17)—(4.25), producing the test matrix

gtest .

To estimate the error of computing s, we compute the relative error

_ ||5test - gref”
[[Eret |

using the sum-of-squares matrix norm
_ 2
€]l = E €ij
¥

4.6.2 Test results

The reference matrix &, was computed by performing finite diference simulations with mesh sizes
8x 8% 8,16 x16 x 16, ..., up to 128 x 128 x 128, and computing the Richardson’s extrapolation
estimate using the last two steps. The estimated relative error of computing &,¢¢ (compared to the
unknown exact value) was 1077,

For the computation of the test matrix Eegy via the analytical formula (4.17)-(4.25), we tested
several numerical integration rules for the triangle: two fixed-order rules from [50] with orders
3 and 10 (4 and 25 points respectively), two families of symmetric rules [64, 65] with varying
number of points, and also as a baseline the repeated 1d Gauss rule (i.e. by applying the 1d Gauss
rule to each of the 2 dimensions of the triangle).

The results are shown in Table 4.2, ordered by decreasing relative error 7. In general, for a
given number of points all rules displayed approximately the same order of accuracy, for example
for each of the 4 rules with 25 points the relative error  was ~ 5 - 107°, with the symmetric
rule [64] showing slightly better accuracy (especially for the 175 point rule with error 4.0 - 1076 vs
1.1 - 10~° for the symmetric rule [65]). The most accurate rule considered was the repeated 1d
Gauss rule with 6400 points; the number of points is clearly too high to use it in practice, but it does

show excellent agreement with the reference result &,..; obtained from finite difference simulations.
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Method No. of points n  Rel. errorp  Ref

Fixed order k=3 4 3.3-1072  [50]
Symmetric family 2, k=5 7 4.9-107%  [65]
Symmetric family 1, k=5 7 49-107%  [64]
Fixed order k=10 25 5.8-107%  [50]
1d Gauss, m=5 25 5.5-107%

Symmetric family 2, k=10 25 5.1-107%  [65]
Symmetric family 1, k=10 25 4.7-107%  [64]
Symmetric family 2, k=20 79 4.2-107°  [65]
1d Gauss, m=10 100 4.1-107°

Symmetric family 1, k=20 85 3.4-107°  [64]
Symmetric family 2, k=30 171 1.1-107®  [65]
Symmetric family 1, k=30 175 4.0-107%  [64]
Symmetric family 2, k=40 295 1.7-107%  [65]
1d Gauss, m=80 6400 1.2-1078

Table 4.2: Numerical integration error using the analytical formula (4.17)—(4.25) with various
triangle integration rules. For the rules from [50, 64, 65], k is the order of approximation; for the

repeated 1d Gauss rule, m is the number of points of the 1d rule.

4.7 Derivations

4.7.1 Derivation of I,

It is easy to verify that VR|R/| = Id|R| + R®?/|R]|; using eq. (4.38) for the first index of the
rank-2 tensor VR|R| we get

L (07:x) :/ [VR|R| — Id[R]] ds
or—r’
- / [-nx (nx VRR|) +n@® (n- VRR]) - IdR| ds
or—r’

_ / [—n % (nx VRIR|) + (02 — Td)|R| + (n - R)n & é ds
or—r’

In the expression n x (n x VR|R]) the cross product acts on the first index of the tensor VR |R/.
After applying the Stokes’ theorem (4.39) and noticing that n - R is constant over the facets of

a polyhedron, we get the desired formula

L= Y |- Y (xuw®M®RyRy)+ (0’ —1d)Jo(F)+ (n Rp)neL(F)
Fedr—r' (R1,R2)€0F
(4.26)
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4.7.2 Derivation of n,

To compute 71 (R, Rs), we decompose R/|R| into components parallel and orthogonal to

u (eq. (4.38))
% =VIR|=u(u-V)R|—ux (ux @) (4.27)

Integrating over the line (R, R2) and using the fact that for points on the line u x R=u x R;

Ro Rz 1

(u-V)R|dl —u x (ux Rl)/ —dl (4.28)

n(R1,Ra) = 11/
r, RJ

R1

After applying the gradient theorem (eq. (4.37)) we get the desired equation

Ro
771(R1,R2) = u]R] ‘R —u X (11 X Rl)?’]()(Rl,RQ) (4.29)
1

4.7.3 Derivation of \;

We begin by writing the following identities that can be verified by direct differentiation

(u-V)[(u- R)RIR[ = RIR| + (u- R)ulR| + (u- R)Q‘; (430)

3 L

(u-V)[(u-R)* R[] = 2(u-R)[R| + (u-R) R|

4.31)

Multiplying the second equation by u/2 and subtracting from the first to eliminate (u - R)|R| on
the right-hand side, we get

u R u 1
(u-V)[(u-R)RIR[] - o (u-V)[(u-R)*[R]] = RIR| + (u- R)zﬁ -5 R)3® (4.32)
Solving for R|R| and integrating
Ro u Ro> u R
ARy, Ro) = /R1 (u-V)[(u-R)(R— E(u ‘R))[R|] dl — /R1 (u-R)?[Id — 2(u-)](ﬂ{|3;1i

The first integral can be evaluated using the gradient theorem; to evaluate the second, we note that
(u-R)?=|R|? — |u x R|? (4.34)

Again, the quantity u X R is constant and can be moved outside of the integral, resulting in the

following equation for A; (R, Ro):
u R2 u u 9
Al=(u-R)(R- §(u ‘R))|R| . [Id — E(u AL+ [Id — E(u la x Ry|"n; (4.35)
1

In this equation A; (R, Ry) appears on both sides; to solve for it we need to invert the matrix
21d — Lu(u-). Itis straightforward to verify that (2Id — 2(u-))~! = 1Id + 2u(u - ) and
therefore we obtain the desired formula

A (Ri,Ry) = (3T gu(u)) [(aR) (R (wR) R | +{1d=3 (w)] jaxRa [, (R, Ry)
(4.36)
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4.7.4 Vector calculus identities

Gradient theorem:

Ro
/ (u-V)f(R)dl = f(Ra) — f(Ry) (4.37)

R:
Decomposition of a vector into components parallel and orthogonal to a unit vector u with
lu| = 1:

a=u(u-a)—ux(uxa) (4.38)

Stokes’ theorem (alternative form):

/ (s % (0 x V) a(R) ds = / o(R)w, di (439)
S

oS

4.8 Summary

We presented a method to compute the energy of the magnetostatic interaction between linearly
magnetized polyhedrons. The magnetostatic energy integral (4.3) is computed using a hybrid pro-
cedure where four out of six integration steps are performed analytically resulting in a nonsingular
2d integral (4.17) which is then computed numerically.

The method can be used in finite element micromagnetics to compute the demagnetizing energy
with a high degree of accuracy (for instance, as a reference value in comparison to fast, less accurate
traditional methods such as FEM/BEM). Combined with a suitable long range approximation for
the magnetostatic integral (4.3), it can allow an implementation of energy-based fast multpole
method (FMM) or tree-code algorithms for the computation of the demagnetizing field.

Numerical testing showed excellent agreement between the hybrid computation using the new

analytical formula (4.17)—(4.25) and the reference finite difference simulation.
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Chapter 5

Ferromagnetic resonance and normal

modes

This Chapter describes a proposal for a standard reference problem for the simulation of ferromag-
netic resonance; the Chapter is based on the collaborative paper [3], currently in preparation for
submission to a journal. The author’s contribution included the computation of normal mode fre-
quencies, shapes, damping times, and the FMR spectrum using the eigenvalue approach described

in Section 2.5.

5.1 Introduction

Computational micromagnetics is a well developed field that sees widespread use in both modern
physics and magnetic device engineering communities [66, 67, 68]. With the advancement of
micromagnetic models, simulation techniques, and processing power, the list of topics that can be
studied has grown substantially and includes such diverse fields as the spin transfer torque [69] and
spin wave dispersion in magnonic crystals [70]. An essential equation in the most of micromagnetic
system models [71] is a well defined Landau-Lifshitz-Gilbert (LLG) equation — a differential
equation governing the magnetization dynamics. However, this equation can be analytically
solved only for a very limited number of systems and, because of that, the complexity of common
problems require the use of micromagnetic simulation packages such as OOMMF [72], LLG
Micromagnetics [73], Micromagnum [42], and Mumax [74] using the Finite Difference (FD)
approach, and Nmag [75] and Magpar [76], employing the Finite Element (FE) approach to spatial
discretization. To compare this range of numerical solvers, as well as to evaluate their validity
and reliability, NIST’s Micromagnetic Modelling Activity Group (uMag) publishes standard
problems [77, 78, 79]. Recent additions have included the spin transfer torque [69] and the spin
wave dispersion [80] standard problems. In the light of this, it is natural to extend the coverage of
standard problems in order to include the FerroMagnetic Resonance (FMR), a technique closely
associated with many practical uses ranging from material characterization to the study of spin
dynamics.

FMR probes the magnetization dynamics in samples using microwave fields. The absorption of

applied microwave field is at its maximum when the microwave’s frequency matches the one of the

45



studied system’s resonant modes. By analyzing the resonance modes as a function of an applied
magnetic field, some material parameters, such as the Gilbert damping and magnetic anisotropy
constants can be determined [32]. This makes FMR a powerful technique in the characterization
of ferromagnetic nanostructures; including measurements of spin pumping [33] and exchange
coupling [34]. In a typical experiment, microwaves are directed across the sample using a coplanar
waveguide, and their transmission is measured as a function of both external bias field and excitation
frequency [35].

In terms of computational micromagnetics, there are at least three methods that can be used to
simulate the FMR:

1. Application of a time-dependent periodic sinusoidal magnetic microwave field of fixed
frequency f to determine the magnetization precession amplitude in response to the system.
If the precession amplitude is small, the power absorption of the microwave field would be
small as the excitation’s frequency does not couple well to the set of natural frequencies of the
system. This method is conceptually simple but computationally very demanding as, for every
frequency f, the micromagnetic simulation needs to compute the system’s magnetization
time evolution after the transient dynamics has been damped and steady magnetization
precession is reached. This will only provide one point on the frequency-absorption curve
and only a micromagnetic simulation software that supports a time dependent external

magnetic field can be used.

2. Ringdown method [36]: the system is perturbed from its equilibrium state by applying a
short-lived and sufficiently weak excitation, followed by simulation and recording of the
magnetization dynamics. Resonance frequencies and corresponding modes are extracted by
performing the Fourier transform on the recorded data. This is an efficient way to determine

the eigenmodes of the system.

3. Eigenvalue method [37]: instead of simulating the time evolution of the system’s mag-
netization as in the methods above, the problem is represented as an eigenvalue problem,
whose solutions provide the frequencies (eigenvalues) and mode shapes (eigenvectors) of the

system. This method requires specialist software that is not widely available.

Our goal is to establish a standard problem to serve as a benchmark against which future
simulation tools and computational studies of the FMR can be compared and validated. In this
standard problem proposal, we will follow the second (ringdown) method, which is supported by
most micromagnetic packages and compare its output with the third (eigenvalue) method. We
provide a detailed standard problem description and specification as well as the complete set of
computational steps in order to make it easily reproducible and accessible to a wide community. It is
hoped that this work will aid the development of micromagnetic simulations of systems undergoing

FMR and support and drive experimental efforts.
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10 nm{]

120 nm

Figure 5.1: Geometry of the thin film sample, showing the static bias field Hey. The field is

slightly off-diagonal to break the symmetry of the system and thus avoid degenerate eigenmodes.

Parameter Value Unit
saturation magnetization (M) 800 kA/m
exchange constant (A) 1.3x 107" J/m
anisotropy constant (K) 0 J/m3
gyromagnetic ratio (y*) 2.21 x 10>  m/(As)
Gilbert damping («), relaxation 1.0

Gilbert damping (), dynamic 0.008

DC bias field magnitude (|Ho|) 80 kA/m
DC bias field direction (e), relaxation [1, 0.715, 0]

DC bias field direction (e), dynamic [1,0.7,0]

Table 5.1: External magnetic fields and material (permalloy) parameters used. Where these change
between the initial relaxation stage of the simulation, and the subsequent dynamic stage, both

values are shown.

5.2 Selection and definition of standard problem

5.2.1 Problem definition

We choose a thin film permalloy cuboidal sample measuring 120 x 120 x 10nm?, as shown
in Fig. 5.1. The choice of a cuboid is important as it ensures that the finite difference method
employed by OOMMF does not introduce errors due to irregular boundaries that cannot be
discretized well [14]. On the other hand, we choose the thin film geometry to be thin enough
so that the variation of magnetization dynamics along the out-of-film direction can be neglected,
and the demagnetization field keeps the magnetic moments in-plane. Material parameters are
shown in Table 5.1. An external magnetic bias field Heyy with Hexe = 80 kA/m magnitude is
applied along e = (1,0.715,0) direction (at 35.56° to the x-axis), i.e. Hext = Hexe(€/|€|) =
(65.1,46.5,0) kA/m as shown in Fig. 5.1. We do not choose the external magnetic field direction
along the sample diagonal in order to break the system’s symmetry and thus avoid degenerate
eigenmodes.

First, we initialize the system with a uniform out-of-plane magnetization my = (0,0, 1). The
system is allowed to relax for 5 ns, which was found to be sufficient time to obtain a well-converged

equilibrium magnetisation configuration. We refer to this stage of simulation as the relaxation
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stage, and its final relaxed magnetization configuration is saved to serve as the initial configuration
for the next dynamic stage. Conceptually, what is required to find the relaxed state is to minimize
the system’s energy in the presence of an external magnetic bias field, taking into account exchange
and demagnetisation energy contributions. We note that there are other ways of obtaining this
configuration, including energy minimization (as for example supported by OOMMF), or solution
of the LLG without the precession term (as supported by Nmag). Because we want to use a
well defined method that is supported by all simulation tools, we minimize the system’s energy
by integrating the LLG equation with a large, quasistatic Gilbert damping o« = 1 for 5ns. The
use of any of these methods is expected to lead to the same relaxed equilibrium magnetization
configuration.

In the next step (dynamic stage), a simulation is started using the equilibrium magnetization
configuration from the relaxation stage as the initial configuration. Now, the direction of an external
magnetic field is altered to e = (1,0.7,0), i.e. Hexy = Hexi(€/]e|) = (65.5,45.8,0) kA/m. This
corresponds to a rotation of the bias field to 35° to the x-axis. Due to the change in = and y
components of the external magnetic field, the initial magnetization configuration is now out of
equilibrium. Consequently, the system tends to relax towards the lowest energy configuration
in the presence of new external magnetic field. This simulation stage runs for 7' = 20 ns and
time- (and space-) resolved magnetization y-component M, () is recorded every At = 5 ps. The
Gilbert damping in this simulation stage is reduced to o = 0.008. Using the recorded data,
Fourier transform is performed to produce the FMR spectrum and obtain eigenfrequencies (and the
eigenmodes). Spatially resolved transformations allow examination of the shapes of the modes

(see Section 5.2.3). Simulation parameters for both stages of the simulation are given in Tab. 5.1.

5.2.2 Problem Selection

In this section, we address the selection criteria for the standard problem, and give an explanation

of how each is met within the proposed framework:

1. Initial magnetization configuration. This standard problem is defined in two stages: (i)
relaxation stage and (ii) dynamic stage. In terms of the initial magnetisation configuration,
in the relaxation stage, all simulation tools are expected to produce the same uniform
out-of-plane my = (0,0, 1) initial magnetisation configuration. On the other hand, the
dynamic stage uses the resulting relaxed equilibrium state from the first stage as an initial
configuration. Therefore, the dynamic stage depends on the quality of relaxed magnetisation

configuration from the relaxation stage, which may vary between different simulation tools.

2. Excitation of system. The perturbation or excitation field must, apart from being reproducible,
be sufficiently large to excite magnetization dynamics, yet be small enough so that the system
remains in the linear regime. This is achieved by altering the direction of the bias field,
as a simple practical approach that does not require time-dependent applied fields. The
power spectrum obtained is specific for the chosen excitation, and thus the excitation is a

key part of the problem definition. All simulations tools, even the ones that do not support

48



time-dependent external magnetic fields, are expected to be able to excite the system in the

same manner.

3. Computation time. Standard problems, apart from being simple and reproducible, require as
short as possible computation time. In micromagnetic simulations, the computational time
depends mostly on the number of degrees of freedom in the discretized problem. Accordingly,
the spatial discretization of 5 nm is chosen as a balance between computational time and
accuracy. Although the second simulation stage is performed with realistic Gilbert damping
value o = 0.008 over a limited simulation time, in the first (relaxation) stage, we set a = 1

to ensure the magnetization reaches a well converged state within the allotted time.

4. Verification of results. 1deally, results should be verified against other methods of obtaining
them. In this work, we use different simulation packages (including finite difference and finite
element discretization schemes) that have been developed by different groups. Furthermore,
we use a completely different computational (eigenvalue) based method to obtain the power
density spectrum and excited normal modes separately. The magnetization data is saved as a

function of time and space, then transformed into FMR data.

5.2.3 Data Analysis

We outline two different ways to compute the power spectrum of the simulated system.

5.2.3.1 Spectrum S, (f) of spatially averaged magnetization

In this case, an observable we use is the spatially averaged magnetization (M), (¢), because
it is easily accessible in all known simulation tools. Using a discrete Fourier transform [81],
we can obtain the power spectrum of the average magnetization in the frequency domain. As
the dynamic simulation progresses, at uniform time steps t;, we record the spatially averaged
magnetization (M), (ty), where t;, = kAt with At = 5ps,and k = 1,2,..., N, with N = 4000
being the number of time steps. However, we only consider the y-component of spatially averaged
’2

magnetization (M), (t) to compute the power spectrum Sy (f) = |Fy(f)|* using

N
Fy(f) = (My)e(ty)e 2", (5.1)

k=1

According to the chosen parameter values, the sampling frequency is fs = 1/At = 50 MHz, which
implies that the maximum frequency that can be sampled (Nyquist frequency) is fx = 2f; =
100 GHz. This method requires that the discrete Fourier transform is performed only once in order

to compute the power spectrum S, ( f) of the average magnetization.

5.2.3.2 Local power spectrum and S,,(f)

Equation (5.1) uses the spatially averaged magnetization to compute its frequency spectrum.

Following McMichael and Stiles approach [36], we compute a local power spectrum over the extent
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Figure 5.2: (a): Spatially averaged y-component of the magnetization, M,(¢), as determined by
ringdown method in by OOMMF. (b) Fourier transform of this data, calculated using Eq. 5.1.

of the sample and introduce a second method to compute the system’s power spectrum. In contrast
to the first method, this requires computation of discrete Fourier transforms at all spatial sampling
points.

We analyze n = n,n, scalar time-dependent signals: for every recording time ¢;, we sample

the magnetization on a two-dimensional grid of positions r,, ;, where n; and n, are the number

of sampling points in  and y directions, respectively. More precisely, r,, , = ((m — %)ﬁ—z, (p—
%)%’, 2.5nm)withm =1,2,...,n,,p=1,2,...,ny,and L, = L, = 120 nm. In the remainder

of this work, we have used n, = 24 and n, = 24. For simplicity and generality, we label the
sampling points r,, ;, as r;, with j = 1,2,... ,n,n,.

Now, we can compute the local power spectrum

Sy(rs, f) = |Fy(rj, ))I? (5.2)

for each of the recorded signals (i.e. for each position r;), with

N
Fylry, ) =Y My(ry, ty)e ™, (5.3)
k=1
Now, by averaging the local power spectra Sy (r;, f), we obtain
N 1
S = e D Syl f). (5.4)

Both entities S, (f) and S,(f) are shown in Fig. 5.3 in log-scale, and strong resonance peaks
are observed at fj = 8.1GHz and fs = 11.1 GHz. This method allows us to spatially resolve
information about the normal modes of the system.

5.2.3.3 Phase information

In order to understand the precession of a resonance mode ¢ across the extent of a thin film, we need

to extract the phase information from the spatially resolved Fourier transform. We start with the
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Figure 5.3: Power spectrum S, from equation 5.1 (green line) and §y from equation 5.4 (blue line)
from ringdown method in OOMMF.
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complex Fourier coefficient Fy(r;, f,) which represents the contribution of the frequency f; to the
time series of the magnetization y-component M, (r;, ) of the magnetization dynamics at position
r;. In our discrete Fourier transform, we have a set of N complex Fourier coefficients F,(r;, f)
at discrete frequencies fr. The Fourier coefficient modulus contains the information about the
amplitude, whereas its argument contains the phase information. Consequently, the information
about the resonance mode ¢ phase can be extracted as the complex Fourier coefficient argument as
a function of position r;, which allows us to identify the relative phases between different spatial

domains in a normal mode.

5.3 Results and discussion

5.3.1 Standard Problem Simulation Results

Figures 5.2 and 5.3 show the main results from the standard problem, as outlined in section 5.2.1,
obtained using the OOMMEF simulation tool. Time evolution of the average magnetisation y-
component for the first 2.5ns of dynamic stage is shown in Fig. 5.2 (a), and the associated
ferromagnetic resonance spectrum (Fourier transform of (M, ), (t) over the entire 20 ns dynamic
simulation) is shown in Fig. 5.2 (b). Performing the Fourier transform of spatially averaged
magnetization produces a slightly different result in comparison to the spatially resolved approach,
which is shown in Fig. 5.3.

Using the spatially resolved approach, one can plot Sy(r;, f,) as a function of position r; for
the normal mode frequency f, to represent both the power amplitude and phase of the normal
mode ¢, as described in Sec. 5.2.3.3. Figure 5.4 shows the spatially resolved resonance mode
at fi = 8.1 GHz with both the amplitude |S|(r;, f1) and phase information arg(S)(r;, f1) for
x, y and z magnetization components that was calculated from the OOMMF simulation using
Eq. (5.4). The magnetisation precession is present in all three directions, with the highest amplitude
in y-direction as expected since the largest external bias field perturbation is performed along the
y-direction. Figure 5.3 shows that the FT spectrum is dominated by two modes. The low frequency
mode extends across the middle of the sample; this corresponds to the mode of uniform precession
observed in macroscopic samples.

The largest precession amplitude of the normal mode at 11 GHz (spatially resolved plot shown
in Fig. 5.5) is located at the corners of the sample and is dominated by the demagnetization energy
associated with magnetization canting at the sample boundaries. In terms of the normal mode
phase representation, an abrupt phase shift occurs as one moves away from the sample corner to
the sample center. This normal mode is associated with the particular shape and size of the sample.
Note that the precession amplitude in Fig. 5.4 (top) and 5.5 (top) is generally small where the
phase changes: these oscillation nodes separate domains that show out of phase precession relative
to each other. Similar effects have been observed, for example, in permalloy nanodisks: Guo et
al. [82] used ferromagnetic resonances force microscopy to spatially resolve the resonance modes.
They observed the same mode shapes simulated here, and demonstrated a strong relationship

between the size of the disk and the relative strength of the modes. Section 5.4 details the results of
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extent of the sample at f; = 8.25 GHz from ringdown method in OOMMF. Top row: logarithmic
scale of power spectra with base 10 for x-, y- and z-component, respectively. Bottom row:

corresponding phase distributions for three components.

simulations performed without the demagnetization energy contribution (only one resonance is
observed, corresponding to a macrospin model of uniform coherent precession).

A resonance mode also exists in the z-direction, 7 (rj, f). The precession of the moments
describes an ellipse around the bias field, this has greatest amplitude in the x — y plane, with the

component in z being smaller due to the demagnetization field.

5.3.2 [Eigenvalue method results

An alternative approach to calculating the normal modes is to linearize the LLG equation for the
studied system around its equilibrium state; the normal modes of the resulting linear system of
equations can then be determined by solving an eigenvalue problem. This approach does not require
running and post-processing of a dynamic micromagnetic simulation, and is thus a good way to
check the veracity of the results. A detailed description of this method can be found in [37]; a
summary of the method is shown in Section 2.5.1. Now, we use the eigenvalue method to compute
the resonance frequencies, the normal mode shapes, as well as the FMR spectrum of the simulated
system.

Table 5.2 shows the first fifteen resonance frequencies, calculated using a finite difference
discretization with cell size 5 x 5 X 5nm — this matches the simulation parameters used by
OOMMEF. The spatial distribution of these modes are plotted in Fig. 5.6. The power density
spectrum, and thus the amplitude of each mode excited during the simulation, is dependent upon
the perturbation of the system. Using the method described in Sectino 2.5.1.4, we compute the
coupling of the used excitation to each mode and reconstruct the spectrum shown in Fig. 5.7,
demonstrating an excellent agreement between the ringdown method and the eigenvalue method.

Finally, we show the comparison of the spatial profiles generated by the ringdown and eigen-

value methods. Figure 5.8 shows a comparison of the three lowest frequency modes, demonstrating
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Figure 5.5: Spatially resolved resonance modes in all three Cartesian directions plotted over the
extent of the sample at fo = 11.25 GHz from ringdown method in OOMMF. Top row: logarithmic
scale of power spectra with base 10 for x-, y- and z-component, respectively. Bottom row:

corresponding phase distributions for three components.
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Figure 5.6: The spatial power spectrum of y-component for 15 lowest frequency modes.

excellent agreement for the two modes visible in Fig. 5.3. This agreement gets worse as the
frequency of the normal modes increases and their amplitude in the ringdown method decreases;
above 14 GHz the data quality is not sufficient to make a meaningful comparison. Nevertheless,

the close agreement of results demonstrates the equivalence of these two approaches.

5.3.3 Falsification Properties

In defining a standard problem, it is useful to investigate how changing the parameters of the
simulation will distort the results. This is intended to allow users to isolate inconsistencies within

their own simulations when attempting to reproduce the output of this problem.
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Mode Frequency (GHz)

Damping Time (ns)

8.270 1.549
9.402 1.639
10.839 1.437
11.233 1.452
11.992 1.401
13.045 1.345
13.816 1.292
14.276 1.253
15.316 1.191
15.907 1.156
16.718 1.126
17.234 1.094
17.457 1.094
18.409 1.030
19.806 0.963

Table 5.2: Frequency and damping time of the 15 lowest frequency modes, calculated using an

eigenvalue problem approach.
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Figure 5.7: Comparison of the spatially averaged resonance spectrum (| Fy( f)|, from equation
5.1) calculated by simulation in OOMMF (dotted blue line) and from the eigenvalue problem
formulation (solid red line). Excellent agreement is observed over the whole range, although the

peak heights are slightly different. Arrows denote the positions of the modes plotted in Fig. 5.8
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Figure 5.8: Comparison of the spatially resolved power spectrum given by the ringdown method

(from OOMMPF)and the eigenvalue problem for the y-component of the 3 lowest frequency modes
(top row: 8.25 GHz, middle row: 11.25 GHz, bottom row: 13.9 GHz). Excellent agreement is
observed for 8.25 GHz and 11.25 GHz. The agreement gets worse as the amplitude of the mode

generated by ringdown decreases, leading to a less well resolved spatial plot.

5.3.3.1 Damping Parameter

The magnitude of the Gilbert damping parameter during ringdown method determines the time
taken for the system to reach its stable configuration. However, this did not affect the resonance
frequencies produced by the Fourier transform, except in the strongly damped case where o > 0.1.
Figure 5.9 shows the power spectrum produced by the simulation for o = 10~%, 1072, 102 and
10~%. As the damping parameter is decreased, the peaks become narrower and taller as expected.
For the highest damping the spectrum is heavily suppressed, showing only two broad features, with
the 11.25 GHz mode barely visible above the tails of the 8.25 GHz mode. In this case the system is
approaching overdamping; if we set the higher a = 1 then no precession occurs and the Fourier
transform shows no peaks. As damping decreases extra peaks begin to form, for example at f ~
12 GHz and 13.5 GHz. At lower dampings the intensity of these features increases, but never

surpasses that observed for the two dominant modes.

5.3.3.2 Relaxation Time

Figure 5.10 shows that starting the dynamic simulation stage from an improperly converged
configuration from the relaxation stage causes significant instability within the system. Although
there are still peaks at the resonance frequencies, there are also many other peaks corresponding to
domains aligned in other directions relaxing back to align with the bias field. The frequency of the
normal modes does not change, but the strength of the contributions from spurious modes is too

large to make a meaningful analysis. The importance of allowing the first stage sufficient time to
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Figure 5.9: Normalized FMR spectrum for systems in the dynamic stage with a range of damping
constants. At o > 0.5 the system is over-damped, not producing resonance modes. As the damping

decreases the peaks become taller and sharper.

reach a converged state is clear; the difference occurs because the the system dynamics contains
the components that exist as a consequence of the system tending to reach the equilibrium state
during the dynamic stage of simulation. The suggested time of 1 ns is a compromise between this
requirement and computational brevity. We can see that the curves for 500 ps and 5000 ps produce

very similar results.

5.3.3.3 Relaxation Stage Perturbation Angle

Fig. 5.11 shows the effect changing the perturbation angle between bias field in the relaxation and
dynamic stages has on the resonance frequencies. Changing the perturbation angle of the bias field
changes the amount of energy supplied to the system in the initial excitation, which manifests as a
greater area under the power spectrum curve. If the perturbation angle is too small (< 0.1°) no
peaks are observed above the noise level of the power spectrum. Conversely, if the perturbation
angle is too large the system deviates significantly from the equilibrium state, and additional modes
form, leading to a distorted power spectrum.While the resonance frequency does not significantly
change, the spectrum is eventually dominated by these other features and modes. At such high
perturbations both Nmag and OOMMPF show a slight drop in resonant frequency. We note that
there is a slight asymmetry in the effects of perturbations in the positive and negative y-directions,

which we ascribe to the fact that a bias field angle of 35° is not symmetric in this direction.

5.3.3.4 Spatial Discretization

The effects of changing the cell size are shown in Fig. 5.12. Decreasing the resolution of the mesh
(increasing the size of the tetrahedra in FE or cuboids in FD) causes the divergence between FD
and FE codes. This is to be expected, as the differing approach to calculation of demagnetization

field is one of the key differences between the two approaches. In OOMMF the frequency of the
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Figure 5.10: Normalized FMR spectrum as calculated for systems entering the dynamic stage after
varying the time in the relaxation stage. Allowing more time to relax leads to a lower amplitude,

less noise and more well-defined peaks.
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small perturbations.
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of the mesh. The FE method shows greater deviation from standard results with changes to the

parameters, due to its more sensitive handling of demagnetization effects.

low frequency mode decreases, while the frequency of the main edge mode increases. This comes
about due to changes in relative importance of demagnetization effects from the edge of the sample,
with less nodes near the boundaries the sample becomes more like an idealized infinite thin film.

In Nmag, however, the frequencies of both normal modes drop sharply. When the elements in
the mesh are approximately four times larger than they are in the standard simulation, the spectrum
becomes too noisy to identify peaks. At the same time the reduced resolution of the spatial plots
makes it difficult to determine the character of the modes. It is worth noting that the frequency
of the low frequency mode appears to be approaching the value obtained in simulations without
demagnetization (see Sec. 5.4 for more details) before it disappears.

In both codes, high frequency features are suppressed with increasing element size. These
correspond to higher order modes that cannot form if there are too few elements to support their
spatial variation. It is well known that choice of an appropriate mesh discretization is crucial in
computational micromagnetics, an aphorism that is well supported by these results. The deviation
of resonant frequency with mesh resolution therefore suggests that a resolution comparable to the

exchange length in permalloy (~ 5nm) is indeed the most appropriate.

5.3.4 Comparison of Simulation Methodologies

For the standard problem defined above, the deviations between finite difference and finite element
methods for both the resonance frequencies are significant, as shown in Fig. 5.13. A smaller
cell size 2 x 2 x 1 nm? will reduce the deviations significantly, that is, the convergence of finite
element method (Nmag) is slower than the finite difference method (OOMMF). The corresponding
comparison for the average magnetization (y-component) evolution is shown in Fig. 5.14. It is
obvious that two micromagnetic package produce different simulation results when the cell size is
5 x 5 x 5nm?. Note that in the case of the tetrahedra used in the finite element method this means

that space is divided into 6 tetrahedra that together form a cube of dimensions 5 x 5 x 5nm?3.
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Figure 5.14: Comparison of average magnetization (y-component) evolution between OOMMF
and Nmag with different resolutions of the mesh.. Note the phase shift that develops between

different spatial resolutions in Nmag, corresponding to a different mode frequency in Fig. 5.13.

This behaviour can be understood by considering the different methods to compute the effective
field based on the different approaches to spatial discretization employed by finite difference and
finite element packages. Excellent agreement is obtained when a finer mesh discretization is used
in Nmag.

Computing the demagnetization field is a computationally expensive step using the FE method
(FEM), converging much more slowly than when the FD method (FDM) is used. In FDM the
computation takes place at the center of a series of cuboids used to build the sample, while in FEM it
takes place at the nodes of the mesh tetrahedra. While this gives significantly better approximations
to irregular shapes than the cuboids, it is problematic when the values of the demagnetization tensor
sharply vary. If the mesh is not fine enough to accurately resolve the change the effective fields
will be calculated incorrectly, and spurious results will be produced. In this simulation, the error
arises from contributions from the top and bottom surfaces of the film, and a fourfold increase

in resolution in the z-direction brings the FDM simulations into agreement with the FEM, at the
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cost of significantly increasing the runtime. This problem could also be alleviated through the use
of a spatially varying mesh density, placing more mesh nodes in the regions near the surfaces to

accurately sample the demagnetization tensor.

5.4 Simulations without Demagnetization

In this section, we show the results of this standard problem in a setup where only the exchange
and the applied Zeeman effective fields are considered. In particular, the demagnetization energy
has been ignored. These results are therefore directly comparable with those presented in Fig. 5.13.
Figure 5.15 shows the power spectrum of a simulation carried out with demagnetization effects
disabled in OOMMF and Nmag. The data has been obtained using the ringdown method. It can be
seen that the two packages are in excellent agreement, producing only one mode at 2.8 GHz. In
the absence of the demagnetization energy, we obtain this single mode corresponding to coherent
precession of the magnetization as shown in Fig. 5.15. This matches the result from the Kittel
equation for a material when demagnetization energy contribution is neglected, for which [83]:

f = 5= % #o X Happica (5.5)

yields f = 2.81 GHz.

As the simulation starts from a uniform, well-converged state only the lowest order, uniform,
mode is observed. Modes located at the edge of the sample are suppressed due to the absence of
demagnetization.

As discussed in Sec. 5.3.4 differences can arise between simulations performed using the finite
difference and finite element approaches due to their handling of demagnetization effects at the
film boundaries. The data above shows that both approaches produce very similar spectra in the
absence of demagnetization effects. We stress that this information is presented for comparative
purposes only - it does not have physical meaning. Running simulations without demagnetization is,
however, a useful tool in the debugging process or to analyze specific effects without the additional

complications of magnetostatic energy.

5.5 Nmag tolerances

By analysing the time evolution of the average magnetization z-component, obtained by running
Nmag simulation with default time integration tolerances, we observe that a numerical noise is
present after approximatelly 0.8 ns. By simply performing the Fourier transform on this data, this
numerical noise can be interpreted as a particular eigenmode of certain frequency. Because of
that, although this does not affect any results presented in this work, we provide the improved

demagnetization field computation:

ksp_tols = {"DBC.rtol":1le-7,
"DBC.atol":1le-7,
"DBC.maxits":1000000,
"NBC.rtol":1le-7,
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Figure 5.15: Power spectrum for the proposed standard problem with the demagnetization field
disabled. This removes all but one peak, wherein the entire sample is in resonance together. Finite

element and finite different codes produce the same result under these conditions.

"NBC.atol":1le-7,
"NBC.maxits":1000000,
"PC.rtol":1e-3,
"PC.atol":1le-6,
"PC.maxits":1000000}

and time integration tolerances:

sim.set_params (stopping_dm_dt=0.0, ts_abs_tol=le-7, ts_rel tol=le-7)

in the dynamic simulation stage. The improved tolerances remove the numerical noise from the

average magnetization time evolution, but increases the running time.

5.6 Summary

A standard problem for micromagnetic simulations of ferromagnetic resonance in a thin film has
been introduced. FMR is a technique that is used widely. While micromagnetic simulations are
able to provide insightful analysis and prediction of FMR experiments, it is not trivial to conduct
those simulations. With this chapter, we provide step by step instructions and specific parameters
and results that can be used to validate simulation tools before they are applied to new problems.

We provide performance data from two popular micromagnetics packages (OOMMF and
Nmag), thus providing data for the deviations that can be expected between different discretization
and computation strategies. This standard problem will serve as a good introduction to the

procedures involved and would also allow benchmarking and testing of new simulation packages.
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Chapter 6
Joule heating in nanowires

In this Chapter, we study the effect of Joule heating from electric currents flowing through
ferromagnetic nanowires using system configurations from typical spin transfer torque experiments:
(thin) silicon nitride membranes, (thick) silicon wafers, and (thick) diamond wafers.

The work described in this Chapter was published in [4]. The author’s contribution included

the simulations done using ANSYS and the analytical estimate (i.e. Section 6.3.3 and onwards).

6.1 Introduction

Recently, there has been much interest both in fundamental studies of spin torque transfer [84, 85,
86, 87, 88] and in efforts to realize devices such as the race-track memory exploiting the spin torque
transfer [89, 90]. In either case, at the present very large current densities have to be used to move
domain walls and, more generally, to modify the ferromagnetic patterns. Associated with these
large current densities is a substantial amount of Joule heating that increases the temperature of
the sample or device. It is a crucial question to understand how strongly the temperature increases
as this can affect the observed physics considerably, e.g. [91, 92, 93], and may even lead to a
temporary breakdown of ferromagnetism if the Curie temperature is exceeded. The depinning of
a domain wall could be due to a strong spin-current torque transfer, or as a result of the extreme
heating of the material due to reduced magnetic pinning at elevated temperatures, or due to the
intermittent suppression of ferromagnetism.

You et al. [94] have derived an analytical expression that allows to compute the increase of
temperature for a nanowire (extending to plus and minus infinity in y-direction) with height A (in
z-direction) and width w (in x-direction). The nanowire is attached to a semi-infinite substrate
(which fills all space for z < 0). The heating is due to an explicit term S(z,¢) which can vary
across the width of the wire and as a function of time.

Meier et al. [87] use energy considerations to estimate the total amount of energy deposited
into the nanowire and substrate system to show that — for their particular parameters — the heating
and associated temperature increase stays below the Curie temperature.

In this work, we use a numerical multi-physics simulation approach which allows to determine
the temperature distribution 7'(r, t) for all times ¢ and positions r. Starting from a given geometry

and an applied voltage (or current), we compute the resulting current density, the associated heat
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generation, and the temperature distribution. While such a numerical approach provides less insight
than an analytical approximation, it allows us to exactly determine the temperature distribution
for nanowires of finite length, nanowires with constrictions and thin substrates for which the
assumption of an infinite thickness is inappropriate. Thus it evinces the limits of applicability of
analytical approximations.

While the simulation and analytical techniques used and developed in this work are not limited
to ferromagnetic nanowires on substrates, we have chosen materials, geometries and current
densities that are typical for spin-torque driven domain wall motion studies in ferromagnetic
nanowires in order to illuminate the role of Joule heating in this active research area [84, 85, 86,
87, 88, 89, 90, 91, 92, 93].

Section 6.2 introduces the method underlying the work. Section 6.3 reports results from
a number of case studies. Starting from the heating of a nanowire of infinite length without
constrictions (Sec. 6.3.1), we introduce a symmetric constriction in a finite-length wire where
a cuboidal part of material has been removed (Sec. 6.3.2) to demonstrate the additional heating
that results from an increased current density in close proximity to the constriction and in the
constriction (as in [95]). Section 6.3.3 studies a nanowire with a notch-like constriction (triangular
shape removed from the wire on one side only) that is placed on a silicon nitride substrate of
100 nm thickness (as in [96, 97, 98]). The same system is studied in Sec. 6.3.4 where the silicon
nitride membrane is replaced with a silicon wafer with a thickness of the order of 500 ym. A zigzag
wire on the same silicon wafer, as experimentally investigated in [86], is studied in Sec. 6.3.5.
We simulate a straight nanowire without constrictions placed on a diamond substrate as in [99] in
Sec. 6.3.6. In Sec. 6.4.1 we investigate and discuss the applicability of the analytical temperature
calculation model of [94], and deduce an analytical model valid for quasi two-dimensional systems
such as membrane substrates in Sec. 6.4.2. We briefly discuss free-standing and perpendicular

nanowires in Sec. 6.5, before we close with a summary in Sec. 6.6.

6.2 Method

A current density j(r,t) can be related to the change of temperature 7'(r,¢) of a material as a

function of position r and time ¢ using

O _ k o, @ _ 1 0o
at_pCv T+pc_pc(w T + Q) 6.1)

with & the thermal conductivity (W/(Km)), p the density (kg/m?), C the specific heat capacity

2

(J/(kgK)), V2 = 8‘9722 + (,%22 + % the Laplace operator, 7" the temperature (K), and () a heating term
(W/m?). We assume that there is no heat flow (0T /On = 0) at the material-air (and substrate-air)

boundary. The Joule heating of a current density j in an electrical field E is given by
. 1.,
Q=j-E=—j (6.2)

where o is the electrical conductivity (S/m = 1/(£2m)) and we have used j = cE.
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Equation (6.1) becomes trivial to solve if we assume a uniform current density in a slab of one
material with constant density, constant thermal conductivity, and constant specific heat capacity
(see Sec. 6.3.1). In general, for samples with geometrical features or spatially inhomogeneous
material parameters, the problem becomes quite complex and can often only be solved using nu-
merical methods. For the work presented here we have used the simulation software suites ANSYS
12.0 [100], Comsol multi-physics [101], and the Nsim multiphysics simulation library [102] that
underpins the Nmag [103] micromagnetic simulation package. All three tools were used for case
study 2 (Sec. 6.3.2) and produce identical results for a given desired accuracy within their error
tolerance settings. The majority of the other case studies was simulated using ANSYS. We have
taken material parameters (see Tab. 6.1) appropriate for room temperature, and have treated each
material parameter as a constant for each simulation, i.e. here a temperature dependence of the

material parameters is not taken into account.

6.3 Simulation results

Case studies 1 and 2 (Sec. 6.3.1 and 6.3.2) investigate a nanowire without a substrate. Case study 3
(Sec. 6.3.3 studies a nanowire on (2d) silicon nitride substrate membrane. Case studies 4 and 5
(Sec. 6.3.4 and Sec. 6.3.5) investigate nanowires on (3d) silicon wafer substrates, and case study 6
(Sec. 6.3.6) reports from a nanowire on a (3d) diamond substrate.

We refer to the substrate as two-dimensional where the wire length is much greater than the
substrate thickness (but still carry out numerical calculations by discretising space finely in all three
dimensions). We call the substrate three-dimensional if the substrate thickness is much greater than

the wire length.

6.3.1 Case study 1: Uniform current density

Initially, we study the extreme case of no cooling of the ferromagnetic conductor: neither through
heat transfer to the surrounding air, nor to the substrate and the contacts. This allows to estimate an
upper limit of the heating rate and the consequent change in temperature over time.
Assuming a uniform current density j, uniform conductivity ¢ and initially uniform temperature
distribution 7', equation (6.1) simplifies to
dT 2
5= ijia 6.3)
All the parameters on the right hand side are constant, and thus the temperature 7" will change at a
constant rate of j2/(pCc). As only the ferromagnetic conducting nanowire can store the heat from
the Joule heating, the temperature has to increase proportionally to the heating term () which is
proportional to 5.
Using material parameters for Permalloy (C' = 430 J/(kg K), p = 8700 kg/m?, o = 1/(25 -
1078 Qm) =4 -10°% (Qm)~%, j = 10'2 A/m?), we obtain a change of temperature with time

g—i—6683 10" K /s = 66.83 K /ns (6.4)
dt  pCo o Il. ‘
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Case Study Parameter Value Unit Reference

measured [104] in experiment [97, 98]

1-4 Pyo™ 25 ptem (case study 3), R = 2802

5 Py o~! 42 pf2em  measured in experiment [86], R = 5000 (2
6 Py o ! 39 pflem  measured in experiment [99], R = 675 )
1-6 Py C 0.43  J/(gK) Ref.[105] p. 252, 6.00 cal/(mol K)

1-6 Py k 46.4 W/(Km) Ref.[106]p. 1140,7 = 300K

1-6 Py p 8.7 g/cm®  Ref. [107] Tab. I, lattice constant 3.54

3 SisNy C 0.7 J/(gK)  Ref. [108]

3 SigNy k 32  W/(Km) Ref. [108]

3 SigNy p 3 g/cm®  Ref. [108]

4,5 SiC 0.714  J/(gK) Ref.[109], C;, = 20.05J/(mol K)

4,5 Sik 148  W/(Km) Ref.[110] p. I-588

4,5 Sip 233  g/em®  Ref. [111], Tab. III

6 Diamond C' 0.53  J/(gK) Ref.[112], C; = 6.37J/(mol K)

6 Diamond £ 1400 W/(Km) Ref. [113], Fig. 3, Type Ib

6 Diamond p  3.51 g/cm®  Ref. [114]

Table 6.1: Material parameters used in the simulations (o electric conductivity, 0! electric

resistivity, C specific heat capacity, k£ thermal conductivity, p density).

The parameters for this case study 1 and all other case are summarised in Tab. 6.1. For the
permalloy wire, we have chosen parameters for case studies 1 to 4 to match the experimental work
in [96, 97, 98]. Where possible, parameters measured as part of the experiments have been used
and have been complemented with literature values (see Tab. 6.1 for details).

The immediate conclusion from this is that the temperature of the sample cannot increase by
more than 66.83 K per nanosecond if the current density of 10'2 A /m? is not exceeded and if the
current density is uniform within the whole sample for the chosen material parameters.

A current pulse over 15 nanoseconds has the potential to push the temperature up by just over
1000 degrees Kelvin, and thus potentially beyond the Curie temperature.

The substrate on which the ferromagnetic conductor has been grown will absorb a significant
fraction of the heat generated in the conductor, and thus reduce the effective temperature of the
magnetic material. The contacts play a similar role. On the other hand, any constrictions will result
in a locally increased current density, which — through the 52 term in @ in Eq. (6.2) and (6.1) —
results in significantly increased local heating. We study the balance of these additional heating

and cooling terms in the following sections in detail.

6.3.2 Case study 2: Constrictions

The effect of a constriction will vary strongly depending on the given geometry. The resulting

current density distribution and spatial and temporal temperature distributions are non-trivial.
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Figure 6.2: Temperature profile AT'(x) in the constricted geometry shown in Fig. 6.1 at positions

[x,0,0] for ¢ = 1ns and a current density of 10'2 A/m? in the unconstricted ends of the slab.

Fig. 6.1 shows the geometry used for this study (as in [95, 115, 116]): a bar with dimensions
Ly =1000nm, Ly, = 50nm, and L, = 20 nm. The origin is located in the center of the slab, i.e.
the two opposite corners of the geometry are at [—500, —25, —10] nm and [500, 25, 10] nm. The
constriction is placed at the center of the bar, and reduces the dimensions to L;OnStriCt = 20 nm over
a length of L™t — 50 nm. In comparison to case study 1 (Sec. 6.3.1), the current distribution
is non-uniform in this geometry and therefore the local Joule heating and the resulting temperature
field will be non-uniform. We thus need the thermal conductivity for NiggFeog permalloy[106]
k = 46.4 W/(K-m) for these calculations because the V2T term in equation (6.1) is non-zero.

Fig. 6.2 shows a temperature profile AT'(z) through the constricted shape after application of a
current density of 10'2A/m? at ten different times ¢ as a function of position 2. We use the notation
AT (z) instead of T'(x) to indicate that this is the change of the temperature 7 relative to the initial
temperature, for which we assume room temperature (~ 300 K). The top thick black line shows the
temperature distribution after 1 ns, the other 9 lines show earlier moments in time in successive
time steps of 0.1 ns.

The peak around x = 0 is due to the constriction: the reduced cross section (in the y-z
plane) results in an increased current density in the constriction. The Joule heating term (6.2) —
which scales proportional to j2 — is increased accordingly in the constriction. During the 1 ns,
diffusion of heat takes place and results in the increase of temperature outside the constriction, and
simultaneously a reduction of the speed of increase of the temperature in the constriction. The
importance of heat diffusion can be seen by the width of the peak around x = 0 in Fig. 6.2.

The increase of temperature AT after t = 1ns at the end of the nanowire (i.e. x = 500 nm and
x = —500nm) is 66.90 K. This is about 0.07 K higher than in the previous case study in Sec. 6.3.1

where a nanowire without a constriction was studied and the corresponding value of temperature
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increase is 66.83 K. This difference of 0.07K after 1 ns at the end of the wire originates from the
extra heating in the constriction around = = 0 and diffusion of this heat through the wire.

We can also estimate the maximum possible temperature increase in the constriction by using
equation (6.4) under the assumption that there was no diffusion of heat (i.e. k£ = 0), and that we
obtain a current density of j = 2.5 - 10'2A /m? in the constriction (due to the reduced cross section
from L,L, = 1000 nm? to L, L;OnStriCt = 400 nm?). The resulting rate for temperature increase in
the constriction is here 417 K/ns, and thus much higher than the maximum temperature of 115.6 K
that is reached after 1ns when taking into account the diffusion of heat from the constriction into
the unconstricted parts of the nanowire. This comparison shows the drastic influence of diffusion

of heat on the temperatures in the nanowire.

6.3.3 Case study 3: Nanowire with a notch on a silicon nitride substrate membrane

In this section we investigate a more realistic system following the work by Im et al. [96] for which
we take into account the heat dissipation through the substrate. Im et al. study critical external
fields for domain wall pinning from constrictions, and subsequent works [97, 98] study spin-torque
driven domain wall motion for this geometry.

Here, we choose the geometry where the domain wall de-pinning field was most clearly defined:
a permalloy nanowire with dimensions Ly = 5000 nm, L, = 150nm, L, = 30 nm (see Fig. 1(b)
in [96] and lower left subplot of Fig. 3 therein).

The resistivity of a permalloy thin film strongly depends on its thickness; in this simulation we
scale the permalloy resistivity o so that the total resistance of the device matches the resistance value
~ 280 2 reported [104] for the experiments [97, 98]. This leads to a resistivity 0 ~! = 25 uQcm,
in line with published data on permalloy resistivity (Fig. 1(b) in [117], ¢ = 30nm). We use the
same value for o in case study 1 (Sec. 6.3.1), case study 2 (Sec. 6.3.2) and case study 4 (Sec. 6.3.4)
to allow better comparison between the results.

This nanowire is lithographically defined centrally on a silicon nitride membrane that is 100 nm
thick (as in [96]). The membrane used in the experiment [96] was purchased from Silson Ltd [118].
According to the manufacturer the silicon nitride membrane was grown using low pressure chemical
vapour deposition (LPCVD). The thermal properties of LPCVD grown silicon nitride films depend
on the details of the growth process as can be seen in the range of parameters being cited in the
literature [108, 119, 120, 121, 122]. We assume values of £ = 3.2 W/(mK), C' = 0.7 J/(g K), and
p= 3g/cm3 as in Ref. [108].

For the modelling of the membrane we use the shape of a disk with 0.5 mm radius and
100 nm thickness. Preparation of nanostructures on membranes is required for experiments using
synchrotron light, that has to transmit through the sample. Such experiments give access to
simultaneous time- and space resolution on the nanometer and the sub-nanosecond scale.[96, 84]
Perfect thermal contact between the wire and the silicon nitride substrate disk is assumed. The
center of the wire contains a 45 nm wide triangular notch on one side, and the geometry is sketched
in Fig. 6.3(b). A current density of 10'2 A/m? is applied at the ends of the wire over a time of 20 ns,

similar to recent experiments such as in Refs. [97, 98, 123].
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Figure 6.3: Joule heating in a permalloy nanowire with a notch on a silicon nitride membrane [96] as
discussed in Sec. 6.3.3. The membrane is modelled as a disk with height 100 nm and radius 0.5 mm.
The current density is 5 = 10'? A /m?; for material parameters see Tab. 6.1. (a) temperature
distribution AT'(r) in the nanowire and substrate after ¢ = 20 ns, (b) geometry of the model (not to
scale) and the plotting path through the nanowire (dashed line) used in Fig. 6.3(c), (c) temperature
profile AT'(x) after t = 20 ns along the length of the wire (following the plotting path shown in
Fig. 6.3(b)) with a silicon nitride membrane substrate, (d) maximum (dotted line) and minimum
(dashed line) temperature in the silicon nitride membrane and maximum temperature (solid line) in
the wire as a function of current pulse length. The solid and dotted line coincide at this scale. The
dash-dotted line 79 is the prediction of the analytical You model discussed in Sec. 6.4.1. See also

Sec. 6.4.2 and Fig. 6.7 for further discussion.

Figure 6.3(a) shows an overview of the geometry and the computed temperature distribution
after 20 ns. The 30% notch is just about visible on the right hand side of the nanowire halfway
between the ends of the wire. The cut-plane shown in the right hand side of Fig. 6.3(a) as an inset
shows the temperature distribution in the nanowire in the y-z plane in the center of the constriction
(as indicated by a white line and semi-transparent plane in the main plot). Figure 6.3(b) shows the
notch geometry in more detail (not to scale).

Fig. 6.3(c) shows the temperature profile AT(x) after 20 ns taken along a line at the top of the
nanowire (the same data is encoded in the colours of Fig. 6.3(a) although more difficult to read
quantitatively). We see that most of the wire is at an increased temperature around 270 K. The
maximum temperature is found at the constriction: as in Sec. 6.3.2 the current density is increased

here due to the reduced cross section in the y-z plane.
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In contrast to the previous example (Sec. 6.3.2 and Fig. 6.2), the temperature peak at the
constriction is less pronounced, as a smaller amount of material is absent and consequently the
current density and the associated increase in Joule heating is smaller.

The maximum temperature increase reaches 290 K. The zero level in the simulation corresponds
to the temperature at which the experiment is started: if the experiment is carried out at 300 K we
expect the maximum temperature to be 590 K after 20 ns, which is below the Curie temperature
(= 840 K) for Permalloy.[124]

From Figs. 6.3(a) and 6.3(c) we can see that the temperature at the ends of the wire is lower
than near the middle: for z < 1 um and z 2 4 pum temperature decreases towards ~ 215 K at the
ends of the wire. This is due to more efficient cooling through the substrate: at the ends of the wire
there is substrate to three sides rather than two as in the middle parts of the wire.

The importance of the substrate in cooling the nanowire can be seen if we use equation (6.4)
to compute the temperature after 20 ns for a wire with the same geometry but without the notch
and without the substrate: the heating rate is d7'/dt = j2/(pCo) = 66.83 K /ns as in Sec. 6.3.1
because the geometry does not enter that calculation. Without the substrate, we would have a
temperature increase of ~ 1336 K after 20 nano seconds (even without taking the extra heating
from the notch constriction into account).

In Fig. 6.3(d), the solid line shows the maximum temperature in the nanowire, the dotted
(dashed) line shows the maximum (minimum) value of the temperature in the silicon nitride
membrane substrate and the dash-dotted line shows data computed using the model by You et al.
[94] as a function of time over which the current pulse is applied. Note that the You model has not
been derived to be used for such a thin substrate and that the large deviation for large values of ¢ is
thus expected. We discuss this in detail in Sec. 6.4.

We can use the maximum wire temperature graph to determine the length of the current pulse
that can be maintained until the temperature is pushed up to the Curie temperature, or to the
material’s evaporation temperature (note that the plot shows the temperature increase since the start
of the experiment, not absolute temperature). If the experiment is carried out at room temperature
(~ 300 K), then the Curie temperature (=~ 840 K) is attained with a pulse duration of approximately
60 ns. The material starts to melt and evaporate for ¢ 2> 300 ns, once the melting temperature of
~ 1450 °C is exceeded.

Asymptotically, the maximum temperature in the wire is proportional to the logarithm of
pulse duration for a 2d substrate and a point-like heating source. This regime is entered when
the nanowire and the constriction have been heated up to a steady state, and from there on the
temperature in the nanowire increases logarithmically with time while the heat front propagates
from the center of the substrate disk towards the disk’s boundary.

The maximum temperature in the substrate (dotted line) is assumed at the interface between the
nanowire and the substrate, in the location where the nanowire is hottest. Because of the assumption
of perfect thermal contact between wire and the membrane substrate, the temperature at the top of
the membrane is the same as the temperature at the bottom of the wire. The difference between the

maximum wire temperature and maximum substrate temperature thus provides an indication for
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Figure 6.4: Joule heating in a permalloy nanowire with a notch on a silicon wafer as discussed
in Sec. 6.3.4 (geometry of wire from Refs. [97, 98]): (a) temperature distribution AT (r) in the
nanowire and substrate after ¢ = 20 ns, (b) geometry of the model (not to scale) and the plotting
path (dashed line) used in Fig. 6.4(c), (c) temperature profile AT'(x) after ¢ = 20 ns along the
length of the wire on a silicon wafer substrate, (d) maximum and minimum temsperatures of the
silicon substrate, maximum temperature of the wire, and the prediction of the You model 73 as a
function of pulse length; t. is the characteristic time as described in Sec. 6.4.1. The silicon wafer
is modelled as a half sphere (flat side attached to nanowire with notch) with radius 0.5 mm. The

current density is j = 10'2 A /m? at the end of the wire. For material parameters see Tab. 6.1.

the temperature gradient found in the wire. In Fig. 6.3d the two lines nearly coincide.

The dashed line in Fig. 6.3(d) shows the minimum value of the temperature taken across
the combined system of nanowire and substrate. It starts to deviate from zero when the heat
front has propagated from the center of the silicon nitride substrate disk to the boundary. In our
example, that happens after ~ 10* s when the simulated temperature increase of the wire would
be over 14,700 K. The asymptotic logarithmic behaviour of the temperature increase in the wire is

maintained only until the heat front reaches the boundary of the substrate.

6.3.4 Case study 4: Nanowire with a notch on a silicon wafer substrate

A possible way to increase the maximum pulse length is to use a silicon wafer instead of the
silicon nitride membrane, which is typically done in high frequency transport experiments. Silicon

is a better conductor of heat than silicon nitride. Furthermore, the extra thickness of the wafer
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gives more space for heat to dissipate. In this section, we model the same nanowire with a notch
geometry as above in case study 3 (Sec. 6.3.3) but place the nanowire on a silicon half-sphere of
radius 0.5 mm instead of a 100 nm thin silicon nitride disk membrane.

Fig. 6.4(c) shows the temperature profile of the nanowire with notch placed on a silicon wafer
after a 20 ns pulse (current density at the wire ends is 10'?2 A/m?). The maximum temperature
increase is 17 K and should be compared with Fig. 6.3(c) where the nanowire was placed on a
(much thinner) silicon nitride substrate and the maximum temperature increase was 290 K.

Clearly, compared to the (2d) silicon nitride membrane, the (3d) silicon wafer is much more
efficient at diffusing heat: the temperature increase is approximately a factor 17 smaller.

Fig. 6.4(d) shows the minimum and maximum temperature for the silicon wafer substrate, and
the maximum temperature of the nanowire, analog to Fig. 6.3(d) for the nanowire on the silicon
nitride membrane. We can identify three regimes: (i) for small ¢ the maximum temperature in the
wire increases approximately proportional to the logarithm of time. (ii) For 1 us < ¢ < 10,000 us,
the maximum temperature stays constant in the wire. This is the (3d) steady-state regime where
the heat front propagates from the center of the silicon substrate half-sphere to the surface of the
sphere. (iii) Approximately for ¢t = 10, 000 us, the maximum wire and substrate temperatures and
the minimum substrate temperature start to increase again simultaneously. This indicates that the
heat front has reached the surface of the half-sphere shaped wafer substrate, and that the heat from
the nanowire cannot be carried away through the propagating heat front anymore.

The maximum temperature increase of ~ 19 K is reached after ~1 us and is maintained until
t = 10 ms, when the heat front reaches the boundary of the wafer and the whole wafer begins to
heat up. The temperature gradient from top to bottom of the wire is of the order of 5 K (difference
of maximum wire and maximum substrate temperature).

For a system with an infinite 3d substrate we expect in general that the nanowire temperature
stays constant once regime (ii) of the heat front propagation has been reached. Regime (iii) would

not exist for an infinite substrate, or a substrate that is efficiently cooled at its boundaries.

6.3.5 Case study 5: Zigzag-shaped nanowire on a silicon wafer substrate

In this section we investigate a nanowire geometry and experimental set up as reported in [86]
where current densities of 2.2 x 10'? A /m? are applied for 10 ys.

Figure 6.5(b) shows the permalloy nanowire consisting of three straight 20 um segments
connected by 45° bends of radius 2 um (see also Fig. 1 in [86]). The wire is 500 nm wide and
10 nm thick, and is placed on a silicon wafer substrate which is modelled as a silicon half-sphere of
radius 0.5 mm as in the previous example in Sec. 6.3.4. For the simulation we scale the resistivity
so that the total resistance of the device matches the value 5 k{2 reported in [86]. This value is
achieved with resistivity 0! = 42 uQdcm, which agrees well with published data on permalloy
resistivity (Fig. 1(b) in [117], ¢ = 10 nm).

Figure 6.5(a) and 6.5(c) shows the temperature profile after 10 us. The maximum temperature
increase does not exceed 133 K despite the large current density and the long pulse duration. The

ends of the zig-zag wire are significantly cooler (below 80 K) than the center which can be attributed
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Figure 6.5: Joule heating in zigzag permalloy nanowire on a silicon wafer[86] (Sec. 6.3.5): (a)
temperature distribution AT'(r) in the nanowire and substrate after t = 10 us, (b) geometry of
the model (following Ref. [86]) and the plotting path (dashed) for Fig. 6.5(c), (c) temperature
profile AT (x) after t = 10 us along the length of the wire (following the plotting path shown
in Fig. 6.5(b)), (d) maximum and minimum temperatures of the silicon substrate, maximum
temperature of the wire, and the prediction of the You model as a function of pulse length; ¢, is
calculated based on the distance between the opposite ends of the wire L = 56 nm. The current
density is j = 2.2 x 10'2 A /m?; the resistivity of permalloy o~! = 42 uQcm. For other material

parameters see Tab. 6.1.

to more silicon wafer substrate accessible to carry away the heat that emerges from the nanowire.

Figure 6.5(d) shows how the maximum wire temperature (which is located in the middle
segment of the zig-zag wire) and substrate minimum and maximum temperatures change over time.
As before, we can identify three regimes: (i) initial heating of wire and substrate, (ii) steady state
with heat front propagating through substrate and (iii) general heating of wire and substrate when
heat front reaches the substrate boundary in the simulation model. Due to the larger nanowire

geometry, region (ii) is less pronounced here than in Fig. 6.4(d).

6.3.6 Case study 6: Straight nanowire on diamond substrate

Recently, realizations of very high current densities have been reported when the permalloy
nanowire is placed on a diamond substrate [99] instead of silicon nitride or silicon. This finding
is useful for time-integrating experiments where current excitations exceeding the microsecond

timescale are required [125, 126]. In this section, we investigate the geometry and experiment
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Figure 6.6: Joule heating in a permalloy nanowire on a diamond crystal substrate [99] (Sec. 6.3.6):
(a) temperature distribution in the nanowire and substrate 7" after £ = 1 us, (b) geometry of the
model and the plotting path, (c) temperature profile AT'(x) after ¢ = 1 us along the plotting path,
(d) maximum and minimum temperatures of the diamond substrate, maximum temperature of the
wire, and the prediction of the You model as a function of pulse length. The current density is
j = 1.5 x 10'2 A /m?; the resistivity of permalloy o~! = 39 Qcm; for other material parameters
see Tab. 6.1.

described in [99].

Figure 6.6(b) shows a rectangular permalloy nanowire with dimensions 25 ym x 650 nm x
22.5nm which is grown on a diamond crystal substrate. The thermal conductivity of diamond
depends on the purity of the crystal. For the simulation, we conservatively assume a relatively
impure synthetic type Ib crystal with thermal conductivity & = 1400 W /(K m) (Fig. 3 in [113]).
A purer crystal would have higher thermal conductivity and would be more efficient at cooling
the nanowire. The density and heat capacity of diamond are given in Tab. 6.1. As before, perfect
thermal contact between the wire and the substrate is assumed. In the original experiment [99], the
whole device was placed in a cryo bath. The area of contact between the diamond crystal substrate
and the bath is large compared to the size of the nanowire, therefore the temperature difference at
the contact layer is likely to be small. In the simulation, the effect of the bath can be represented by
using an infinite medium of diamond. In line with the case studies 4 and 5 in the previous sections,
we use a half-sphere shape for the diamond substrate (radius of 0.5 mm). The resistivity of the wire
material is scaled to 39 uf2cm so that the total resistance of the wire is 675 €2 as in [99].

Figure 6.6(a) and 6.6(c) show the temperature profile after application of a current density of
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1.5 x 10'2 A /m? for 1 us, and Fig. 6.6(d) shows the maximum and minimum temperatures in the
system as a function of time.

From Fig. 6.6(d) we can see the three regimes as in case study 4 and 5: regime (i) shows loga-
rithmic increase of temperature with time up to approximately 0.2 us. For larger ¢ the temperature
remains constant during regime (ii). For ¢ greater than approximately 1000 ps, we reach regime (iii)
where the heatfront reaches the substrate boundary. The maximum temperature increase in the wire
is not exceeding 21 K for times smaller than 1000 us, and the substrate temperature increase stays
below =~ 16 K in that period. The plot shows that the precise current density pulse duration is not so
critical: if £ is between 1 us and 1000 us the nanowire attains approximately the same temperature.
It is this steady state temperature increase value that should be compared with the experiment.

The difference between the maximum substrate temperature and the maximum wire temperature
reflects a temperature gradient from top to bottom in the nanowire. This is just about visible in the
inset in Fig. 6.6(a).

For larger times than 1000 us, we find that the maximum and minimum temperature of the
substrate and the maximum wire temperature start to increase simultaneously. This is an effect
of the finite size of the substrate in the model, or, equivalently, the lack of the modelling of heat
transfer away from the diamond substrate through the cryo bath. There are other, in comparison to
the cryo bath less important cooling contributions, such as electric contacts, substrate holder, and
surrounding gas, that have not been considered here. For the interpretation of the simulation results
for the experiment in [99], we need to ignore the regime for ¢ = 1000 us.

The shape of the temperature profile (Fig. 6.6(c)) is very similar to the zigzag wire temperature
profile (Fig. 6.5(c)).

In the original experiment, a continuous current corresponding to a current density of 1.5 X
10*2 A /m? heated the wire by about 230 K (Fig. 4 in [99]).

In our simulation the nanowire changed temperature by less than 21 K. A possible explanation
for this discrepancy is that the contact and heat transfer between the wire and the diamond was

imperfect.

6.4 Analytical models

6.4.1 Model by You, Sung, and Joe for a nanowire on a (3d) substrate

You, Sung, and Joe [94] have provided an analytic expression 74(¢) to approximate the temperature

T'(t) of the current-heated nanowire on a three-dimensional substrate as a function of time ¢ (Eq.

(16) in [94]):
2
73y = Y esinh (M/(pc)> 6.5)
ko aw

where w and h are the width and height of the wire, o is the wire conductivity, j is the current
density, and k, p, and C' are the thermal conductivity of the substrate, mass density of the substrate,
and specific heat capacity of the substrate. We have used their adjustable parameter v = 0.5 for

calculations shown in Figs. 6.3 to 6.7.
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We use name T34(t) for the equation from You, Sung and Joe — which is applicable to 3d-
substrates — to emphasize the difference to the similar looking equation for 72%(¢) that is derived
in Sec. 6.4.2 and which is applicable to 2d-substrates.

For derivation of Eq. (6.5), it is assumed that the nanowire is infinitely long, and attached to
a semi-infinite substrate. While the thickness h and width w of the wire enter the derivation to
compute the Joule heating due to a given current density, the model does not allow for a temperature
variation within the nanowire nor does the nanowire have a heat capacity in the model. Within this
model, a heat front of (half-)cylindrical shape (cylinder axis aligned with the wire) will propagate
within the substrate when the wire is heated. Thus, there is translational invariance along the

direction of the wire.

We start our discussion with the zigzag nanowire as shown in Fig. 6.5. Figure 6.5(d) shows the
temperature prediction of the You model as a dash-dotted line. It follows the maximum temperature
in the substrate very closely for times up to approximately 2 us.

At short times ¢ below 1 ns we can see the You model slightly overestimating the temperature
in the nanowire in Fig. 6.5(d). As the model does not allow for a finite heat capacity of the wire,
this is expected. As the heat capacity of the nanowire is insignificant in comparison to the substrate,
this overestimation disappears if sufficient heat has been pumped into the system.

The difference between the maximum temperature in the wire and the maximum temperature in
the substrate comes from a temperature gradient within the wire: the maximum temperature in the
wire is at the top of the wire (which is furthest away from the cooling substrate) and the maximum
temperature of the substrate is found at the top of the substrate just where the wire reaches its
maximum temperature. Due to the assumption of perfect thermal contact, the bottom of the wire is
exactly at the same temperature as the top of the substrate within the model description.

Since the You model does not allow for a temperature gradient within the wire, we expect its
temperature prediction to follow the maximum temperature increase in the substrate. This is visible
in Fig. 6.5(d) for ¢t = 2ns.

Regarding the deviation between the You model and the simulation results for ¢t 2> 2 us, we
need to establish whether the required assumptions for the model are fulfilled. The You model is
derived for an infinitely long wire on an infinite substrate, whereas the segments of the zigzag wire
studied here have finite length. In the initial stage of heating, the temperature front in the substrate
will move away from the wire sections with heat fronts aligned parallel with the wire. The heat
front forms a half-cylinder (for each zigzag segment) whose axis is aligned with the wire. As long
as the diameter of this half cylinder is small relative to the segment length, the wire appears locally
to be infinitely long and the heat front propagates in a direction perpendicular to the wire. This
is the regime where the You model is applicable, and which we have labeled as “regime (i)” in
the discussion of case studies 4 (Sec. 6.3.4) to 6 (Sec. 6.3.6). When the heat front has propagated
sufficiently far from the nanowire to change its shape from a cylinder surface to a spherical surface,
the You model is not applicable anymore. This happens approximately after ¢ = 2 us. We have
referred to the spherical heat front propagation in the discussion above as “regime (ii)”.

For the zigzag wire study the agreement of the model by You et al. [94] with the simulation

76



is thus very good within the time range where the model is applicable. We note that the wire is
relatively long (20 um per segment) and has no constriction. The You model cannot be applied for

t 2 10 us because the finite wire length becomes important.

For the nanowire without a constriction on the diamond substrate as studied in Sec. 6.3.6 and
shown in Fig. 6.6, the agreement is similarly good; the You model temperature follows the substrate
temperature very accurately up to ¢ = 0.1 us. For larger ¢, the model becomes inaccurate as the

finite length of the wire becomes important at that point.

Figure 6.4(d) shows for the nanowire with a notch on the silicon substrate that for ¢t = 0.1 us
the gradients of both maximum temperature curves approach zero which indicates the onset of
regime (ii) and implies that the You model cannot be applied for ¢ = 0.1 us. For smaller ¢ < 0.1 us,
the You model temperature roughly follows the maximum substrate temperature with a maximum
absolute deviation of less than 3 K.

We have carried out additional simulations (data not shown) which have demonstrated that the
maximum substrate temperature line (dotted line in Fig. 6.4(d)) is shifted down by a few degree
Kelvin if the notch is removed from the geometry. The You model temperature and the maximum
substrate temperature curves then coincide for 2 < ¢ < 10ns. If, furthermore, we increase the wire
length from 5 pm to 30 pm, the two curves coincide for 2 < ¢ < 300 ns.

Both the notch and the relative shortness of the wire decrease the accuracy of the prediction of
the You model: the notch roughly shifts all temperature curves up by a few degrees whereas the

length of the wire determines the time when regime (ii) is entered.

In contrast to the previous examples the nanowire with a notch in Fig. 6.3 is attached to a
relatively thin silicon nitride membrane of thickness 100 nm (the silicon and diamond substrates
for the discussion above are of the size order of 500 um). The You model should not be used in the
regime of membranes as the model expects an infinite substrate.

However, one could argue that the You model should be applicable for very small £ until the
heat front emerging from the wire has propagated through the 100 nm thick substrate. Additional
simulations (data not shown) reveal that this is the case after ¢t ~ 0.1 ns.

We summarize that the You model cannot be expected to provide accurate temperature predic-
tions for thin substrates. The deviation of the You curve in Fig. 6.3(d) originates in the inappropriate

application of the model to a system with a thin, effectively two-dimensional, substrate.

For a ‘thick’, effectively three-dimensional, substrate we find that the applicability of the model
is limited by the finite length of the wire. The maximum time ¢, up to which the You model is
appropriate, can be estimated by calculating the characteristic time scale of the heat conduction
equation (6.1). For a wire of length L, this characteristic time % is

N2 pC
b~ <2> % (6.6)

where k, p, and C' are the thermal conductivity, density and specific heat capacity of the substrate
material. The greater the nanowire length, the longer it takes for the heat front to assume spherical

shape around the nanowire heating source. The greater the heat capacity (pC') and the smaller the
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thermal conductivity, the slower is the propagation of the heat front in the substrate. The current
density does not enter the equation as it only affects the temperature and not the time or length
scale.

Substituting the corresponding parameters for each case study, we compute the characteristic
time ¢, for the nanowire with a notch in case study 4 (Sec. 6.3.4) to be 70ns, for the zigzag
nanowire in case study 5 (Sec. 6.3.5) to be 8.8 us, and for the nanowire on diamond in case study 6
(Sec. 6.3.6) to be 0.2 us. We have added these values to the figures Fig. 6.4(d), 6.5(d), and 6.6(d)
and they are in good agreement with the corresponding finite element results.

The time t. marks the transition from regime (i) to regime (ii).

In summary, we find that the You model provides an accurate description of the maximum
substrate temperature if used within its bounds of applicability, i.e. during regime (i) for three-
dimensional substrates. In the You model, the nanowire has no heat capacity and this results in the
model slightly overestimating the temperature for very small ¢ (visible for example in Fig. 6.5(d)
for ¢ < 1ns). The temperature within the nanowire can show a gradient (hotter at the top, cooler at
the interface to the substrate), and the You model computes the smaller temperature in the wire.
For the studies carried out here we find this temperature difference to be less than 10 K in all cases
although this difference depends on material parameters and wire thickness. The You model cannot
be applied for thin, effectively two-dimensional, substrates such as the membrane substrate case
study in Sec. 6.3.3 and Fig. 6.3.

6.4.2 Analytic expression for nanowire on a membrane (2d substrate)

Equation (6.5) is valid for pulse durations up to the critical duration . (Eq. (6.6)) for effectively
three-dimensional substrates, i.e. substrates whose thickness is sufficiently large so that the heat
front in the substrate does not reach the substrate boundary for ¢ < ¢.. This condition is fulfilled
for the case studies in Sec. 6.3.4, 6.3.5, and 6.3.6. If the substrate is effectively two-dimensional
(such as in Sec. 6.3.3), then Eq. (6.5) cannot be applied. In this section, we show how Eq. (6.5) can
be adapted to the 2d case.

The assumptions made in the derivation of Eq. (6.5) require a system of nanowire and substrate
that is translationally invariant in one direction. In Sec. 6.3.4-6.3.6 this direction was along the
long axis of the wire, and we refer to this axis as x, and assume that the height h of the wire extends
along the z axis.

For the case of a nanowire on a thin membrane substrate, we can regard the system as two-
dimensional by assuming invariance in the perpendicular direction. In other words, to apply a
modified version of Eq. (6.5), we assume that the temperature distribution in the membrane system
is invariant along the 2z axis. We model the nanowire as embedded in the substrate (not grown on
top of the substrate as in the real system) and imagine an increase of thickness of both the wire and
the substrate such that they expand from —oo to +o0 in z-direction. The cooling and heating in
each slice (in the x-y plane) of the nanowire and substrate system is not affected by cooling and

heating from slices above and below; it does not matter whether we consider only one isolated slice
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(as in the real system) or imagine an infinite stack of slices closely packed on top of each other.
In more detail, we first convert the system of the nanowire of height /& and substrate of thickness
d to a 2d system of equal height. We increase the height of the nanowire by a factor ¢ = d/h so
that the wire and the substrate are now both of height d (assuming that generally d > h but the
derivation also holds for d < h). This increases the volume of the wire by a factor of ¢, and thus
we will have to correct down the heat emerging from the wire by the same factor at a later point.
Second, to obtain translational invariance in the z-direction we imagine a stack of such identical

2d systems on top of each other. Using the substitutions w — L and h — w, we obtain

2
() = L“’Ja %}arcsinh (M/(p@> 6.7)

0.5L

(6.8)

whlj? b 2\/tk/(pC)
o 0.5L

The first fraction in Eq. (6.7) is based on Eq. (6.5) and includes the substitutions w — L and
h — w, and we also substitute w — L in the denominator of the arcsinh argument, and use
a = 0.5. The second fraction (1/c) reduces the temperature increase by ¢ to compensate for the
increase of heating by the factor ¢ above when we increased the thickness of the nanowire to the
thickness of the substrate. The third fraction (1/2) in Eq. (6.7) is a correction because the nanowire
is now surrounded by substrate in all directions, and not only in one half-space as in Eq. (6.5), thus
the cooling is twice as efficient and the temperature increase is halved.

Equation (6.8) can be used to compute the maximum temperature increase 7'2%(¢) for a nanowire
of length L, width w, and height ~ on a two-dimensional substrate of thickness d.

In contrast to 734 (¢) there is no upper time limit ¢, for the validity of Eq. (6.8) as the emerging
heat-front will always stay translationally invariant.

The comparison of T24(t) with the finite element simulation results from case study 3
(Sec. 6.3.3) is shown in Fig. 6.7. The overall agreement with the simulation results is good
for all times ¢. The heat capacity of the wire is not considered in the model for 724 (¢) which is
reflected in the overestimation of the temperature in Fig. 6.7. From comparative simulations with
different material parameters, we find that the agreement of the two curves is better for reduced
heat capacity of the wire, and better for increased thermal conductivity of the substrate. The effect
of the finite heat capacity of the wire becomes less important for longer current pulses, and the two

curves in Fig. 6.6 become closer for larger ¢ (not shown here).

6.5 Perpendicular nanowires

Recent progress in sample growth has allowed to create free-standing nanowires which are grown
perpendicular to their substrate (for example [127, 128, 129]). While it is outside the scope
of this work to investigate these systems in detail, we comment briefly on possible analytical
approximations. For such a free standing nanowire, the analytical expression (6.4) is a good first

approximation to compute its temperature increase as a function of applied current density duration.
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Figure 6.7: Comparison of simulated wire temperature from case study 3 (Sec. 6.3.3) with substrate
temperatures obtained using the analytical expression 724(¢) from Eq. (6.8), as a function of pulse

length.

For the temperature increase de (t) of a perpendicular nanowire which is completely embedded

in a substrate material (such as an AloO3 matrix), a variation of equation (6.5) can be employed:
1
TE() = ST() (6.9)

In contrast to the nanowire mounted on top of a half-space filling substrate (6.5) as studied in

section 6.3, the substrate is here space-filling, and thus twice as effective in cooling the system.

6.6 Summary

We have carried out detailed numerical simulations of the current distribution, Joule heating,
and dissipation of temperature and heat through the nanowire and the substrate for a number
of experiments and three different substrate types. We find that the silicon nitride membrane
(thickness 100 nm) is the least efficient in cooling a nanowire that experiences Joule heating. Due
to the quasi-two-dimensional nature of the membrane, the temperature in the nanowire will keep
increasing proportionally to the logarithm of time for longer current pulses while the heat front
(forming a circle in the membrane substrate) propagates away from the nanowire, which is located
in the center of the heat front circle.

Using a (effectively three-dimensional) silicon wafer substrate instead of the (effectively two-
dimensional) silicon nitride membrane, there is a qualitative change: once the steady state is
entered, the heat front propagates in three dimensions and keeps the temperature in the heated
nanowire constant. In addition to the better cooling through the three-dimensionality of a silicon
wafer, the cooling is improved further by the thermal conductivity of silicon which is more than
one order of magnitude greater than that of silicon nitride (see Tab. 6.1).

If we replace silicon in the 3d substrate with diamond, the cooling is improved again signifi-
cantly: diamond’s thermal conductivity is about an order of magnitude greater than that of silicon
(see Tab. 6.1).

In addition to these generic insights, we have worked out the temperature increase quantitatively

for a series of recent experimental publications [86, 96, 99, 97, 98]. The model simulations
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presented here show for all of them that the temperature increase due to the Joule heating did not
result in the temperature exceeding the Curie temperature.

We compare these results to the approximating but analytical model expression provided by
You, Sung, and Joe [94] and investigate the limits of its applicability. We provide an estimate for
the characteristic time ¢. over which the You model is valid for three-dimensional substrates.

Finally, we provide a new analytical expression that allows to compute the temperature for a
nanowire on a two-dimensional substrate in the presence of Joule heating. This expression should
be of significant value in the design and realization of spin-torque transfer studies on membranes
where experimenters are often operating very close to the Curie temperature or even the melting

temperature, and where no estimate of the wire’s temperature has been possible so far.
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Chapter 7

Summary and conclusions

The thesis describes several new computational methods for the micromagnetic model and their
applications.

Chapter 3 presented a novel method to compute the demagnetising tensor in finite difference
micromagnetics via numerical integration. This method aims to resolve the inaccuracy introduced
by numerical cancellation when the analytical formula for the demagnetising tensor is used.
Compared to existing approaches, the method achieves improved accuracy at intermediate distances
from the origin.

Chapter 4 presented a novel semi-analytical method for the computation of the energy of the
magnetostatic interaction between linearly magnetised polyhedrons. This method can be used for
the direct computation of the demagnetising energy (and field, in the energy-based formulation) in
the fast multipole method (as described in Section 2.3.4).

Chapter 5 presented a proposal for a standard problem for modelling ferromagnetic resonance in
micromagnetic systems. The author implemented and applied the eigenvalue method (Section 2.5)
to computing the resonance modes, frequencies, and spectrum for the reference system.

Chapter 6 studied the effect of Joule heating in ferromagnetic nanowires used in typical spin
torque transfer experiments, via numerical and analytical modelling. The numerical results were
compared to the approximate analytical estimate for 3d substrates, and a new analytical expression

for the computation of the temperature increase in 2d substrates was derived.
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