Max-Planck-Institut
fiir Mathematik

in den Naturwissenschaften
Leipzig

Recent analytical developments in
micromagnetics

(revised version: August 2005)
by

Antonio DeSimone, Robert V. Kohn, Stefan Miiller, and Felix Otto

Preprint no.: 80 2004







Recent analytical developments in micromagnetics

Antonio DeSimone! Robert V. Kohn! Stefan Miiller! Felix Otto®

October 25, 2004

Contents

1 Introduction

2 The energy functional and pattern formation 7
2.1 Formulation in S.I. units . . . . . . ... Lo 7
2.2 Non-dimensional formulations and material parameters. . . . 9
2.3 Pattern selection as a result of energetic competition . . . . . 11

3 Bulk scalings 14
3.1 The small particle limit . . . .. ... ... ... ....... 15
3.2 Large body limit . . . ... ... ... .. . 0L L. 16

4 A hierarchy of thin film models 18
4.1 Heuristics and separation of energy scales . . . .. ... ... 18
4.2 Rigorous convergence results - the first four regimes . . . . . 23
4.3 The fifthregime. . . . . . . . .. ..o 25

5 A two—dimensional model for large soft films and compari-
son with experiment 27
5.1 Statement of the limit problem and the convergence result . . 27

*SISSA-International School for Advanced Studies, Trieste, Italy, desimone@sissa.it
tCourant Institute of Mathematical Sciences, New York University, USA,

kohn@cims.nyu.edu

Max—Planck-Institut fiir Mathematik in den Naturwissenschaften, Leipzig, Germany,

sm@mis.mpg.de

$Institut fiir Angewandte Mathematik, Universitit Bonn, Germany, otto@iam.uni-

bonn.de



5.2 Discussion of the reduced problem, its Euler-Lagrange equa-

tion and the relation with the theories of van den Berg and
Bryant and Suhl . . . .. ..o oo 29
5.3 Numerical implementation . . . . . . ... ... ... ..... 32
5.4 Comparison with experiment . . . . ... ... ... ..... 34
6 Higher order terms and wall structures 40
6.1 Why walls in soft ferromagnetic films? . . . . . ... ... .. 41
6.2 Néel vs. asymmetric Blochwall . . . ... ... ... ..... 42
6.3 The logarithmic tails of the Néel wall . . . . . . .. ... ... 49
6.4 The core of the Néel wall in moderately thin films . . . . .. 52
6.5 The cross—tiewall . ... .. .. ... .. ... .. .. ... 56
6.6 Two—dimensional stability of the Néel wall in very thin films 59
6.7 The cross—tie period . . . . . .. ... oL, 64
6.8 Domain branching . . ... ... ... ... .00 68

7 Pattern formation in micromagnetics: mathematical con-

text 76

7.1 Structure of singularities at small scales: Micromagnetics and
Harmonic Maps . . . . . . . . . . . . o 76

7.2 Walls vs. sharp interfaces: Modica-Mortola functionals and
domain theory . . . . . . .. ... o o 79
7.3 The role of topology: soft films and Ginzburg-Landau vortices 83
8 Beyond low energy states 86
8.1 Magnetization reversal in soft films . . . . . . ... ... ... 86
81.1 Thesetting . . .. .. .. .. ... . 87
8.1.2 Identification of four scaling regimes . . . . . ... .. 91

8.1.3 Asymptotic identification of the unstable mode in Regime

IIT . 97
8.1.4 Asymptotic identification of the type of bifurcation . . 99
8.2 Local minima and thermally-activated switching . .. .. .. 104
9 Appendix on magnetostatics 106
10 Appendix on I'-convergence 107
10.1 Main properties . . . . . . . . . ..o 107
10.2 Anexample . . . . . . ... 109
10.3 Hierarchies of I'-limits . . . . . .. .. .. ... ... ..... 112
Bibliography 116



1 Introduction

Micromagnetics is a strikingly simple and remarkably powerful theory. At
its core is the micromagnetic energy, whose local minima represent the sta-
ble magnetization patterns of a ferromagnetic body. This theory is now
routinely used for the analysis and design of magnetic devices. It explains
observations on many length scales, from nanometers to microns. It also
explains magnetic hysteresis, through the multiplicity of local minima.

Micromagnetics has mainly been applied in two alternative ways. Before
the advent of computing, analytical solutions were obtained by minimizing
the energy over a suitable class of trial fields; a classic example is the Stoner-
Wohlfarth theory of magnetic switching [108]. Since the advent of comput-
ing, micromagnetics has mainly been applied numerically. Simulation has
been very successful, giving detailed information about pattern formation
and hysteresis in samples up to about a micron in size.

Both these approaches have limitations. When we minimize the energy
over a restricted class of magnetizations, the answer is limited by the cor-
rectness of the ansatz. Many analytical solutions are now known to be
wrong (though still informative), because the true solution — observed nu-
merically and/or experimentally — does not match the ansatz. For exam-
ple, the Stoner-Wohlfarth theory matches experiment only for the smallest
nanoscale particles. Numerical simulation is free from this difficulty; it is,
in fact, the ideal tool for answering specific questions about submicron-scale
phenomena. However we seek understanding as well as answers. For ex-
ample, why do we see boundary vortices but not interior vortices at some
length scales? And what determines the familiar pattern of a cross-tie wall?
Simulation alone cannot answer such questions. Moreover simulation is lim-
ited to relatively small ferromagnets. Owing to the presence of small length
scales (domain walls, Bloch lines) and the nonlocal character of the energy
(dipolar interaction), fully-resolved computations are limited — even using
the most powerful computers — to dimensions on the order of a few microns
or less.

Thus the understanding and utilization of micromagnetics has remained
a challenge. Recently two new approaches have begun to emerge:

(a) identifying the scaling law of the minimum energy, and the character
of magnetization patterns that achieve it; and

(b) identifying simpler models, valid in appropriate regimes, whose behav-
ior is easier to understand or simulate.



This review article provides an introduction to these new methods, and a
survey of the insight they provide.

The new approaches are both based on asymptotic analysis. They take
advantage of the presence of small nondimensional ratios, for example ex-
change length or film thickness divided by diameter. The asymptotic anal-
ysis assumes that some or all of these ratios tend to zero, with specified
relations between them. The existence of more than one nondimensional
parameter makes the problem rich, since there are several distinct regimes.
By identifying and exploring them we obtain a sort of “phase diagram.”

The new approaches are mathematically rigorous. To identify the scal-
ing law of the minimum energy one must prove matching upper and lower
bounds. The upper bound is usually familiar — obtained by the classi-
cal method of minimizing the energy over a suitable class of trial fields.
The lower bound, however, is usually unfamiliar. By proving an ansatz-
independent lower bound that matches an ansatz-dependent upper bound,
we effectively prove the correctness (or at least the adequacy) of the ansatz.
In some settings we get the energy scaling law but not the optimal prefactor.
In other settings we identify the prefactor as well, as the minimum value of
a suitable “asymptotic problem.”

Some readers may wonder how one can ever hope to prove an ansatz-
independent bound. For convex variational problems the answer is familiar:
every test field for the dual problem gives a lower bound. For nonconvex
problems there is no such universal tool. Most of our examples use the
presence of a small parameter and draw from the theory of I'-convergence.

The goal of analysis is not to avoid simulation, but to maximize its utility.
This is especially clear in Section 5, where the focus is on relatively large
thin films. Fully-resolved simulations are simply not possible in this regime.
Our asymptotic problem, on the other hand, is accessible numerically. It
uniquely determines the magnetic charge. Moreover, there is a naturally
associated domain structure, which appears to be the ground state.

The achievements surveyed in this article include:

(1) A systematic analysis of soft thin films (Section 4). We identify five
distinct regimes corresponding to different relationships between the
thickness, diameter, and Bloch line width. For each regime we iden-
tify an asymptotic variational problem. Its solution determines the
ground-state magnetization pattern, and the leading—order behavior
of the energy. This topic encompasses work by Gioia & James [56],
Moser [94, 95], and Kohn & Slastikov [80].

(2) Nonhysteretic behavior in large thin films (Section 5). For relatively
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large thin films, which have many local minima and plenty of hystere-
sis, our asymptotic variational problem is degenerate but convex. As
a result it determines certain quantities — in particular the magnetic
charge and the region of field penetration — uniquely. We conclude that
although a large thin film has many stable magnetization patterns and
lots of hysteresis, some quantities (namely, those determined by the
asymptotic problem) should be free of hysteresis. This topic encom-
passes our recent papers [38, 40, 41].

The internal structure of a cross-tie wall (Section 6.5). The cross-tie
wall is a special type of domain wall seen in thin films. It is inter-
esting due to its non-one—dimensional character, involving a periodic
arrangement of vortices. The recent work of Alouges, Riviere, and
Serfaty [7] uses matching upper and lower bounds to give the first
analytical explanation of its structure.

The internal structure and stability of a Néel wall (Sections 6.2, 6.3,
6.4, and 6.6). The one-dimensional Néel wall, seen in extremely thin
films, is interesting due to its core-and-tail structure. Dipolar effects
play a major role, so the variational problem for the wall profile is
strongly nonlocal. The recent work of Melcher [89, 90] uses matching
upper and lower bounds to identify the structure of the tail. The
energy of a one-dimensional Néel wall is greater than that of a cross-
tie wall, so it must be a local not global minimum; the recent work of
DeSimone, Kniipfer, and Otto [42] explains why. In thicker films the
asymmetric Bloch wall has lower energy, and [98] proves that no other
structure can do significantly better.

Nucleation of domain structure in a soft thin strip (Section 8.1). Under
a sufficiently large applied field the magnetization of a strip is satu-
rated and unique. As the applied field is reduced, the magnetization
remains in a local minimum until one reaches the critical field, where
an instability (bifurcation) occurs. The outcome of this instability is
the formation of magnetic domains. Until recently, the spatial struc-
ture of the instability was thought to be limited to coherent rotation,
curling, or smooth buckling. New work by Cantero-Alvarez and Otto
[20, 21, 22] has shown the existence of a fourth alternative — “oscil-
latory buckling” — which is probably the origin of the “concertina”
domain structure. This development demonstrates the value of seek-
ing lower as well as upper bounds: the proof of the lower bound may
point to existence of a previously-unnoticed regime.



Micromagnetics was first formulated as a model over 60 years ago, but
it remains in its infancy mathematically. The associated challenges are of
course opportunities. In some areas, the recent analytical progress has taken
advantage of apparently unrelated mathematical developments, for example
the theory of Landau-Ginzburg vortices and the framework of I'-convergence.
In other areas micromagnetics is driving the development of entirely new
methods — for example techniques for proving ansatz-independent lower
bounds.

As the reader has probably noticed by now, our story is coherent but
not very orderly — and certainly not finished. The goal of this paper is
not to review all of micromagnetics, but rather to give an overview of our
recent work. We have included some closely related topics, including in Sec-
tion 7 a fairly extensive survey of related mathematical tools and results.
However we have omitted many important topics — for example Landau-
Lifshitz-Gilbert dynamics — and we have barely scratched the surface con-
cerning thermally-activated switching. For some recent progress in these
areas see [74, 78, 79, 87].

The paper begins, in Sections 2 and 3, with a brief introduction to mi-
cromagnetics and a discussion of the small-particle and large-body limits.
Section 4 identifies five distinct thin-film regimes, discussing for each the
form of the limiting energy and what it tells us about the associated mag-
netization. Section 5 discusses one of those regimes — corresponding to
relatively large thin films — in greater depth. Section 6 assembles various
results on domain wall structures in thin films. Section 7 discusses some
related mathematical problems, drawing connections with micromagnetics
and setting our work in its natural mathematical context. All the preceding
sections address local or global energy minimization. Section 8 is different:
it addresses the nucleation of domain structure, and the relevance of saddle
points for thermally-activated switching.



2 The energy functional and pattern formation

In this section we briefly describe the energy functional of micromagnetics,
thereby introducing also the notation used in the rest of this article. We
will mostly use the partially non-dimensionalized form (2.17) in which the
energy functional has units of volume and the important material parameters
are the non-dimensional quality factor ) and the Bloch-line-width d, which
has dimensions of length. In the last subsection we discuss briefly how the
competition of the different terms in the energy leads to the formation of
the complex magnetization patterns observed in experiment.

2.1 Formulation in S.I. units

The energy functional of micromagnetics is given, in S.I. units, by the fol-
lowing expression:

E(J) = / A[Tmf? + / Kap(m) + 120 / Hinal? / e J. (21)
Q Q 2 Jrs Q

Here Q C R3 is the region of space occupied by a ferromagnetic body and .J
is the magnetization density i.e., a vector field of constant length inside 2,
and extended by zero to R?

o= {

The positive scalar J; is called saturation magnetization. At fixed temper-
ature, it is a material constant so that the (rescaled) magnetization

m = — (2.3)

satisfies

1 in €,
m(@)| = {0 in B3\ 0. (2.4)

The four summands in (2.1) are called exchange energy, anisotropy en-
ergy, magnetostatic (or demagnetizing or stray field) energy, Zeeman energy
(or external field energy), respectively.

The vector field He,; is an applied magnetic field, the constant pg is
the magnetic permeability of vacuum while H;,4 is the magnetic field gen-
erated by the magnetized body Q (also called induced, or demagnetizing,



or stray field). This is obtained from J by solving Maxwell’s equations of
magnetostatics

1 Hln =Y . é
{cur =0 in R3. (2.5)

diV(MOHind + J) = Oa
JFrom (2.5); we deduce the existence of a scalar potential U for Hj,q

which, in view of (2.5) satisfies

AU = div . (2.7)
Ho

The last two identities can be summarized by

J

H;pg = —V (A—1 div —) , (2.8)
Ho

which shows that div J is the source of H,4, and hence the magnetostatic

energy is minimized by divergence-free magnetization patterns. Since (2.5)

holds in the sense of distributions

/ Hing - Vi = — / J-Ve, Ve C[®RY), (2.9)
R3 Q

the divergence of J may consist of two components which, by the electro-
static analogy, are called volume charges and surface charges. For a smooth
J their densities are given, respectively, by div J (at points of 2) and —J - v
(at a point of the boundary 092 of Q2 where the outer unit normal is v). For
a discontinuous J, a similar surface contribution arises also at all surfaces of
discontinuity inside 2 across which the flux J-v of J is discontinuous. Thus,
magnetization fields with vanishing magnetostatic energy describe domain
patterns that achieve flux closure.

The positive scalars A and K, in (2.1) are material parameters which we
will assume to be constant, for simplicity. They are called the exchange con-
stant and the (magnetocrystalline) anisotropy constant. The energy density
 is a non-negative function called the anisotropy energy density. It is typ-
ically a polynomial, with the symmetry properties inherited from those of
the underlying crystalline lattice. The zeroes of ¢ form the set of preferred
directions of magnetization (easy axes).

K= ({0}) (2.10)



For a uniaxial material (the typical example we will use in our discussion),
there exists a distinguished axis identified through a unit vector e, and ¢
and K are given respectively by

Puni(m) =1 — (m - e)? (2.11)

Kuni = {+e, —¢} (2.12)

Other expressions are of course possible, either for uniaxial materials (case
of an easy plane, higher order polynomials, etc.) or for materials with a
different crystallographic symmetry, but we do not need to discuss them in
detail.

According to micromagnetics, stable magnetization patterns on a body
Q are described by minimizers (global or local) of the energy functional (2.1).
This is a nonconvex nonlocal variational problem in view of the nonconvex
pointwise constraint |J| = Js in 2 and of the nonlocal differential constraint
linking H;,,4 with J.

2.2 Non-dimensional formulations and material parameters

In our developments, we will focus on partially or fully nondimensional ver-
sions of (2.1). For example, let

J2
Ky;=-—2 2.13
T 2u0 (2.13)
and define
E(J)
FE = 2.14
(m) = = (214)
Setting
:U’OHext ,U,()[U
Heyr = , U= 2.15
¢ 7 7 (2.15)
HL:
Hipg = "0 — VU = —9(87 div m) (2.16)
we obtain

Bm) = & [ (VP +Q [ o)+ [ [VUP =2 [ Hogom. (207



This is the form of the energy functional we will use most frequently. Here
the ’energy’ F(m) has the dimensions of volume (since K is an energy
density). There are two important material parameters in (2.17). The so-
called quality factor

Q= ta (2.18)

Kq
measures the strength of the anisotropy energy relative to that of the stray
field. It is a nondimensional quantity, and it separates ferromagnetic ma-
terials into two broad classes: soft materials, for which @ < 1, and hard
materials (Q > 1). The exchange length associated with the stray field
energy

d=dpr = (%)2 (2.19)

measures the relative strength of the exchange and magnetostatic energies.
It has dimensions of length, and it is also called Bloch line-width, and de-
noted with dpy,, for reasons that will become clear later, see (7.20).

In terms of the rescaled fields m, U, H;,q, equations (2.7), (2.9) are writ-
ten as

AU =div m (2.20)

or, in weak form, as

VU -Vp = —/ Hmd‘Vgo:/ m-Ve. Yo CF(R?). (2.21)
RS RS Q
Another interesting partial nondimensionalization of (2.1) is obtained by
dividing E by K,
E(J) _ E(m)

I(m) = K.~ O (2.22)

hence obtaining

1 2
I(m) =dj 2 — 2~ = [ He-m (2.2
m) = by [ [Vt [ ptm)+ 5 [ IVUP =5 [ Hem 229

The material parameter

1
AN
dpw dpL = (—) ’ (2.24)



Material Q dpr(nm) | dpw (nm)
Permalloy | 2.5 x 10~4 5 316
a-Iron 2.5 x 1072 3.7 23
SmCos 38 5.2 0.8
N82F614B 4.9 2.7 1.2
Co 0.3 3.8 7

Table 1: Material parameter values for some common ferromagnetic mate-
rials

is the exchange length associated with the anisotropy energy. It is also called
Bloch wall-width, for reasons that will become clear later, see (7.18). It has
dimensions of length, and it measures the strength of the exchange energy
relative to that of the anisotropy energy.

It is instructive to look at the values of the material parameters appearing
in (2.17) and (2.22) for some concrete examples, see Table 1. The wide range
of variability of the quality factor (), which spans six orders of magnitude,
is immediately apparent. By contrast, for the same set of materials, the
exchange length dpy, only varies by a factor two.

2.3 Pattern selection as a result of energetic competition

Pattern selection is controlled by the interaction of the energy terms in (2.17)
as a compromise among conflicting trends. The most immediate example
of such conflicts is the competition between exchange and magnetostatic
energies. For m constant, eq. (2.20) is written more explicitly as

AU = —(m - v)(z) do (2.25)

where v is the outer unit normal to the boundary 02 of €2, and do is the
surface measure. This shows that a constant magnetization always generates
a nonzero magnetostatic energy if {2 is not an infinite cylinder with axis
parallel to m. In other words, exchange energy and magnetostatic energy
can never simultaneously achieve their minimal value zero. Actually, for soft
materials, the competition between exchange and magnetostatic is the most
fundamenental driving force behind formation of domain patterns, at least
in the absence of an external field.

More generally, the features of the observed domain patterns are decided
by the relative strength of all four summands in (2.1), and hence they depend
on the values of the material parameters affecting them. The variability of
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these numbers over wide ranges explains the great variability and richness of
observed configurations, see Figures 1 to 4. Essentially, understanding these
patterns means understanding the interaction among the various summands
in (2.1).

Figure 1: Iron whiskers. Reproduced with permission from Hubert and
Schéfer, Magnetic Domains, Springer 1998

20 um

Figure 2: NdFeB domain patterns. Reproduced with permission from Hu-
bert and Schafer, Magnetic Domains, Springer 1998
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Figure 3: Permalloy film with circular cross—section. Reproduced with per-
mission from Hubert and Schéfer, Magnetic Domains, Springer 1998

Figure 4: A cross—tie wall in a Permalloy film. Reproduced with permission
from Hubert and Schéfer, Magnetic Domains, Springer 1998
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3 Bulk scalings

Consider a magnetic particle of fixed shape, e.g. a cubic particle. In this
section we study how the minimizers of the micromagnetic energy (2.17)
depend on the size of the particle. We will see that certain models that are
often thought of as alternatives to the micromagnetic approach actually arise
as rigorous limits of the micromagnetic formulation. Specifically, Stoner-
Wohlfarth theory corresponds to the small particle limit and Néel’s theory
of magnetic phases arises in the large particle limit.

The right notion of convergence is the so called I'-convergence of the
corresponding energy functionals. This notion is explained in more detail in
Section 10. The main point is that I'-convergence of the energy functionals
is essentially equivalent to the convergence of the corresponding minimizing
magnetizations, which are our main object of interest.

The limits above correspond to the competition of two length scales,
namely a material dependent scale (such as the Bloch line-width d) and the
size of the magnetic particle. In the next section we will also discuss thin
magnetic films, which involve three length scales: the material scale d, the
typical thickness ¢t and the typical lateral dimension /. In order to establish
a consistent notation we consider from the beginning both ¢ and [, but in
this section the aspect ratio

T=- (3.1)

l
will be kept fixed, while in the later sections we will be interested in the
limit 7 — 0. We consider for simplicity the case that the body 2 is a prism

Q=0 x(0,¢t) (3.2)

of height ¢t and we denote by [ a typical length of the base . As an example
one could take a square base, i.e. ' = (0,1)? x (0,t). For 7 =1, Q is a cubic
particle of size [.

The change of variables z — T = 7 € w rescales Q to a set w = w' x (0, 7),
where o’ has size of order one, and it reduces the energy functional (2.17)
to a fully non-dimensional form

clm) = [ 19mP+Q [ otm)+ [ 1V =2 [ heom 33
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where

elm) = 57 B(m) (3.4
= % (3.5)

u (%) - % (), (3.6)
hind (%) = —Vsu (%) = Hipa(z) = —V,U(), (3.7)
hest (T) = Heat(@). (3.8)

The static Maxwell equation (2.20) for v implies that
Au = divm. (3.9)

If we take a square base and aspect ratio 7 = 1 then w is simply the unit
cube. Again, for simplicity, we will restrict attention to the case of spatially
uniform applied field, H.,+ = const.

3.1 The small particle limit

Consider the case | << d, i.e., Kk — 400, while 7,Q are fixed numbers of
order one. Also, the strength of the applied field, if present, should be of
order one. In this limit, the classical model of Stoner and Wohlfarth [108]
is recovered, see [35].

Proposition 3.1 As k — +oo, the functional (3.3) T'-converges in H' to

eoo(m) = Qe(m) +m - Dym — 2hegy -m  for m = const inw, |m| =1,
o | +oo else,
(3.10)

where D, is the demagnetizing tensor of w.

In this case the I'-limit of the energy functionals agrees with the pointwise
limit, but this is not true in general (see Section 10).
In the proposition above, the demagnetizing tensor D, is a traceless,

positive-definite tensor depending only on the shape of w. For w a unit cube
or a unit sphere, D, = %I d, with Id the identity. For a more general w, D,
is defined implicitly by

1

D, m = _ﬁ/ hym  ¥m = const in w, (3.11)
w w

15



where |w| is the volume of w and h,, is the magnetic field induced by m, i.e.,
hm = —VA~divm.

Remark 3.2 The functional es, is defined on a finite-dimensional space.
It is therefore easy to study its local minima, as was done by Stoner and
Wobhlfarth in their celebrated paper [108]. In fact, global and local minima
of the function m +— ex(m) characterize the asymptotic behavior of both
global and local minima of e (see [35], [12]). The Stoner-Wohlfarth model
18 thus relevant to gain some insight onto the hysteretic behavior of very
fine particles. For a recent numerical investigation of the switching fields
of small cuboidal particles, and of their deviations from Stoner-Wohlifarth
predictions, see [6], where a nonmonotone dependence of the switching field
on particle size has also been observed.

3.2 Large body limit

Consider now the case [ >> d, i.e. Kk — 0, while 7, Q) and h.,; are held fixed,
at order one. In the limit, we obtain a mathematically rigorous version of a
model which, for ellipsoidal specimens, coincides with the theory of magnetic
phases of Néel ([34], see also [99, 111, 112]).

Proposition 3.3 As K — 0, the functional (3.3) I'-converges with respect
to the weak convergence in L* to

€o :Q/go**(m)—i—/ |Vu]2—2/hem-m, Im| <1 inw, (3.12)
w R3 w

where ©** is the conver envelope of ¢ (extended by +oo for |m| #1):
4 4 4
£ (m) = min {Z Nplme) i =L = 3" Ama, A 2 0,3 A = 1} |
i=1 i=1 i=1
(3.13)

Remark 3.4 The notion of weak convergence appearing in the proposition
above is essentially equivalent to convergence of ‘local’ averages on arbitrary
cubes C cut out of w:

1 1
my — m weakly inLQ(w)(:)—/mkﬁ—/m V cubes C' C w.
ICl Je ICl Je
(3.14)

The loss of the unit length constraint, in the limit, is thus not surprising
whenever my, s oscillating at a fine scale. This is precisely the case in
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micromagnetics, because domain patterns of size smaller than | generate,
when rescaled onto w, fine-phase mixtures with characteristic rescaled size
tending to zero.

Proposition 3.3 implies that, in the large body limit, local averages of
micromagnetic minimizers can be computed by minimizing (3.12). Since
in computing magnetization curves the only relevant feature of a magnetic
configuration is its average over the whole specimen, (3.12) can be used to
compute magnetization curves in cases where the effects of hysteresis are
negligible. For w an ellipsoid, minimizers of (3.12) are spatially uniform,
and minimizing (3.12),(3.13) reduces to the problem of finding a mixture of
at most four magnetic phases my,...,my (with respective volume fractions
A1, ...; Aq), covering w and carrying minimal energy. This is the approach of
Néel to the prediction of virgin magnetization curves, see [34, 96, 66].

Remark 3.5 The functional (3.12) is the ‘relaxation’ (i.e. the lower semi-
continous envelope with respect to weak convergence in L?) of the functional

Q/wso<m>+/R3 ’VU|2_2/whext‘m7 (3.15)

(still endowed with the constraint |m| =1 in Q). The study of (3.15), initi-
ated with the paper [69] of James and Kinderlehrer, has received considerable
attention in the mathematical literature, see [34, 49, 99, 111, 112].
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4 A hierarchy of thin film models

We now consider thin magnetic films. In this case there are three relevant
length scales: the film thickness ¢, the lateral dimension [ and the material
parameter d, the Bloch line-width (recall that for many materials d is of the
order of 5 nm, see Table 1). Out of these one can form two independent
dimensionless parameters. It turns out that for our discussion the most
useful parameters are the aspect ratio 7 = t/I, already introduced above,
and a dimensionless measure of the size of the film given by t/d?. We will
always study the limit of small aspect ratio

T=77 0. (4.1)
In this case we identify four different regimes depending on the relation
of tI/d? and In(1/7) which lead to four distinct two-dimensional limiting
theories, see the first four rows in Table 2. For very small films (I/d fixed
and still ¢/l — 0) one can also consider a different rescaling of the energy
leading to a limiting theory which captures higher energy states (see also
Table 2).

The different limit theories are much simpler than the full three—dimensional
micromagnetic energy functional. They capture the leading—order terms in
the energy and lead to a drastic simplification of the very complex micro-
magnetic energy landscape. They thus provide a good description of the
robust features of the magnetization patterns in the thin-film limit. We will
discuss this in more detail in the next section in the regime of large thin
films (t//d? > In(l/t)) and compare the predictions of the thin film theory
with experiments.

In this section we first illustrate the separation of energy scales by in-
vestigating the energy contributions of certain prototypical magnetization
patterns and then state the rigorous results which lead to Table 2.

4.1 Heuristics and separation of energy scales

Here we briefly discuss the energy contributions of a prototypical magne-
tization configuration, following closely Section 4 of [38]. The results are
summarized in Table 3. We first consider the energy due to variations of
m in the x3 direction, i.e. normal to the film plane. If these variations are
of order one they lead to an energy contribution of order 1?d?/t. In all the
relevant regimes this will be much larger than the energy scales we are in-
terested in. Hence for the rest of this heuristic discussion we will suppose
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Regime Energy | Limit Bulk constraint

Bdry constr.

t)d> < 1/L | 3L (1/2xl) [(m/ - V)? ms =0, jm| =1
Stoner-W. m = const

t/d*> = \/L IL/N | [IV'm|> + (A/2xl) [(m/ V)2 | m3 =0, |m| =1
Bdry penalty

t/d®* = p Elfp | [IVm]P+ & [|[VV] mg=0,m|=1|m'-v =0
Bdry vortex

tl/d*> > L 21 F[IVVE m3=0,|m|<1|m vV =0
Magnetostatic

Kk =d/l fixed | t? &2 [IV'm]? + % [m3 Im| =1

Table 2: The different scaling regimes in thin films, with the abbreviation
L = 1In(l/t) = In(1/7). The second column gives the factor by which the
energy is divided before one passes to the limit. The limit energy in the
boundary vortex regime is formal, since it is actually infinite on all admissible
magnetizations (see text). The limiting energies are invariant under the
rescaling Q' — 7’ [ — rl. Going down in the first four rows corresponds to
a passage from small (compared to d) films to large films or, equivalently, to
decreasing d. At least on the formal level, the different regimes are naturally
connected (taking into account the prefactors in the ‘energy’ column). The
second regime turns into the first as A — 0, while the second and third
regime merge as A — oo and p — 0. Finally, the third regime turns into the
fourth as u — oo (if one looks at the limit in the sense of I'-convergence,
it is natural that the constraint |m| = 1 is relaxed in the limit, since the
Dirichlet integral drops out).
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out—of—plane component mg 1’
non—tangential component m’ - v/ 12 ln%
in—plane divergence V' - m/ 12
external field H.g; | Hewt| 12
anisotropy @ Q1%
Néel wall 112 In~" &
Bloch line d*t In é
Exchange energy for magnetization varying
smoothly on scale [ d’t

Table 3: Estimates for the key energy contributions in a soft ferromagnetic
film.

that
m =m(xy,z2) in Q. (4.2)

The rigorous convergence results actually show that this holds asymptoti-
cally. At finite thickness it is still possible that (4.2) is significantly violated
on a small set (this occurs e.g. in asymmetric Bloch walls, cf. Section 6.2),
but this turns out to be insignificant for the energy contributions we discuss
below.

In view of (4.2) the local energy contributions reduce to

dt [ |V'm|dz’ + Qt/ o(m)dz’, (4.3)
o o

where we use the shorthand notation ' = (z1,22) and write V'’ for the
in-plane gradient (9;,d>). In the following we will always consider magneti-
zations that vary smoothly on a scale comparable to the lateral dimension
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. Then, Vm is of order 1/l and the exchange and anisotropy energy contri-
butions are of order d’t and QI?t, respectively.

The nonlocal magnetostatic energy can be computed by considering the
Fourier transform in the tangential direction,

]. el /
/ e T m(a’) da’, (4.4)
R2

" or

F(m)(&)

where m is extended by zero outside €', as usual. We note in passing that
our normalization of F differs from the choice made frequently in the physics
literature; our choice makes F an L? isometry, i.e. ||[Fm||;2 = ||m||;2. A
short calculation shows that the magnetostatic energy splits into a contribu-
tion due to the normal component mg (which, in terms of the electrostatic
analogy leads to a surface charge at the top and bottom surface of the film),
and a contribution due to the in-plane divergence div'm’. We get

2 _ E / g_/ /
[ 1vurd - t/RQf(Qrm) &)
st [ o(5161) 1FmaPa (45)

Here the Fourier multipliers are given by

_ sinh(z) 1 —exp(—22)
9(2) = 2| exp(z) 2z

2
d¢’

and f(z) = 1—g(z2).

Since we assumed that m varies smoothly on a scale comparable to [, its
Fourier transform is essentially concentrated on wave vectors £’ of order 1/1
or less. In view of our assumption ¢/l < 1 the arguments of f and g are thus
small in the relevant range of ¢’ and we expect that (4.5) is approximated

as follows

/ |VU|? da

R3
t2 1 ! N\ |2 ! 2 !
= | o - Fm)[FdE +t | [F(ms)|”dE (4.6)
2 Jre |¢] R2

= t2/ IVV|?dx +t | midd,

R3 Q

where V is the single layer potential of the surface charge density div' m'.
Classically, V is given as the solution of

AV = 0 inR3\ (2 x{0}) }

V] = 0 and [g_gg} —div'm’  on ¥ x {0} (47)
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Here [-] denotes the jump of a quantity - across the plane R? x {0}. A
different heuristic argument giving the energy contribution of the in-plane
divergence of m is as follows: The potential U? satisfies Maxwell’s equation
AU* = div(m(z")x (0, (23)), where x(o4) is 1 in the interval (0,t) and zero
outside. Dividing by ¢ and considering that X(o,t)/t converges formally to
the Dirac mass §y we see that the limit V of U/t is given by (4.7). For a
rigorous argument using the relevant weak formulation of (4.7), see [38], p.
1439.

The above characterization of V' implicitly contains the assumption that
the normal component of m’ does not jump across a possible discontinuity
line of m/, in particular

m' -V =0 ondQ, (4.8)

where v/ denotes the normal to the boundary 99 of the cross section €.
We will come back to this shortly.

(JFrom (4.6) we first recover the classical argument of Néel that in thin
films a nonzero normal component mg leads to a large energy contribution
of order t/2. If the in-plane magnetization satisfies (4.8) then a scaling
argument in connection with (4.7) shows that the magnetostatic energy is
of order #?l.

If m’ does not satisfy (4.8) then an additional energy contribution due
to the boundary ’charge’ m' - v/ arises. To compute it one has to go back
to the exact representation (4.5) of the magnetostatic energy and a short
calculation shows that for a constant magnetization and a straight boundary
piece the extra contribution per unit length is of order t?In(l/t)(m’ - V)2,
see e.g. [38], Section 4.4. For a general boundary one thus expects an extra
contribution of the order

2in(l/1) /8 P (4.9)

We will see in the next subsection that this is indeed the case, see (4.12)
below.

So far we have implicitly assumed that the magnetization is smooth and
varies on a typical scale proportional to the lateral extension [ of the film.
Typical magnetization patterns, however, consist of regions of slowly varying
magnetization (domains) which are separated by domain walls, in which the
magnetization changes rapidly. We will see below in Subsection 6.3 that
the energy of a typical domain wall in thin films, i.e. the Néel wall, is of
order [?t/In(It/d?) and thus is asymptotically negligible compared with the
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magnetostatic energy contributions. One can also check that the energy of
a Bloch line (where the magnetization develops a nontrivial ms component
on a region of diameter d) is of order d*tIn(l/d) and also asymptotically
negligible, see (7.21) below and Section 4.5 in [38].

4.2 Rigorous convergence results - the first four regimes

The heuristic discussion on the separation of energy scales suggests that in
the thin film limit we get a strong simplification of the energy landscape. If
we select a certain energy regime then all energy contributions below this
level will become asymptotically irrelevant. Energy contributions that are
asymptotically much larger are not allowed to be present, i.e. they lead to
constraints in the limiting theory. Typical examples are the constraint that
m should become independent of z3 or that the out-of-plane component mg
should vanish.

We now describe the rigorous results which are motivated by this rea-
soning and which are summarized in Table 2. We first focus on the first
four rows of this table. It is interesting to note that these four regimes
capture very well the qualitative changes in the experimentally observed
patterns for increasing size, even though they are mathematically only sep-
arated by logarithmic terms. For extremely small films one sees (nearly)
uniform states (Stoner-Wohlfarth regime). With increasing size one finds
flower states (boundary penalty regime), states with vortices on the bound-
ary, such as the C- and S-states in rectangular samples or the buckle and leaf
states in square samples (boundary vortex regime), and flux-closed patterns
(magnetostatic regime).

To state the results precisely it is convenient to work in a fixed two—
dimensional domain w’ (e.g. the unit square) obtained from ' by rescaling
all lengths by [. We thus employ the scalings (3.3)—(3.8). For brevity we
consider only the situation with zero applied field. Adding a suitably scaled
applied field poses no additional difficulty since this represents a continuous
perturbation and therefore passes through the I'-limit, see Section 10. As
before we always consider the small-aspect-ratio limit, i.e

70, (4.10)

and we denote by e” the minimal micromagnetic energy for a sample with
aspect ratio 7.
In the regime of very small films, i.e. if (It/d?)In(l/t) — 0 or, equiva-
lently,
-
) In(1/7) — 0, (4.11)
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Table 3 suggest that the most interesting term is the one arising from the
boundary energy (4.9). Indeed Kohn and Slastikov [80] showed (see also

Carbou [24]) that

1 r
—¢" 412
Tln(l/T)e & ( )

where

(4.13)

o % fag,(m’ V)2 if m = const,m3 =0, |m| =1,
o0 else.

To make the I'-convergence result precise, we need to specify the con-
vergence of three-dimensional magnetizations m”™ : w — R? to a two-
dimensional limit m. We say that convergence holds if the xzs-averages
m” = (1/7) [y m"dz3 converge strongly to m in L?.

If
% In(1/7) — A (4.14)
(small body limit) then [80]
A r
—e" 4.1
(i) (4.15)
where
VM2 4+ A (o, (m/ V) ifms =0,|m| =1,
o= { Jor | | OQZ)r Joer( ) else.3 [ml (4.16)

On the other hand, if the body remains large in the sense that

T 1

(/) ° (4.17)

then the magnetostatic energy dominates and we have, in the sense of I'-
convergence (with respect to weak L? convergence of z3 averages) [38]

1
—eTL/ |Vol|? (4.18)
T R3

provided that ms = 0 and that m satisfies the relaxed (convexified) con-
straint |m| < 1 (else the limit energy is oco). Here v is the single layer
potential of div'm’ defined as in (4.7) (replacing €’ by the nondimensional-
ized domain w’). In particular this imposes the constraint m' -/ = 0 (for
nonsmooth fields m’ this has to be understood in the sense of traces, see
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[38]). A more detailed discussion of this result, its interpretation and com-
parison of the predictions of the limit theory with experiments appears in
the next section.

Finally for the critical scaling

== 1 (4.19)

the limit of e /7 is formally given by

/|V’m|2+/ Vol?, (4.20)
w! R3

subject to the constraints mgz = 0 and |m| = 1. Here v is defined as in (4.7),
replacing ' by the non-dimensionalized domain w’. The problem is that
the limit functional is infinite on all admissible test functions, if w’ is simply
connected, e.g. if ' is a disk or a square. Indeed, the constraint (4.8) forces
m’ to be tangential at the boundary, but there is no unit vector field in H*
which is tangential to the boundary. Moser [94, 95] has nonetheless shown
that the above formal limit captures the right behavior. More precisely he
shows that

2rInln(1/7) - C < lmin e <2mlnln(l/7)+C (4.21)
T

and that the xs-averages of minimizers of €7 converge (strongly in the
Sobolev space WP, for all p < 2) to a limit m which has two singulari-
ties (vortices) on dw’, is otherwise tangential to dw’ and satisfies the Euler-
Lagrange equation corresponding to (4.20) in w'.

4.3 The fifth regime

The fifth regime corresponds to letting the aspect ratio 7 = ¢/l tend to zero,
while keeping k = d/I fixed. It was historically the first regime for which
a rigorous convergence result was obtained. In fact Gioia and James [56]
showed that in this regime the energy functionals e” I'-converge to eq s given
by

&2 [ IV'mE+ [, ,m3 if me H'(W),
eGs(m) = { +o00 else, (4.22)

where V' is the in-plane gradient.

Like the first regime this regime corresponds to very small films. The im-
portant difference is that one considers here just energy e” (without further
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rescaling) while in the first regimes one rescales the energy by 1/(7In(1/7)).
The setting of Gioia and James emphasizes the fact that the nonlocal magne-
tostatic energy reduces to the local term m3 which behaves like an effective
anisotropy (this is thus an extreme case of shape anisotropy). The limiting
functional has many (minimizing) zero energy states. In fact, all constant
in-plane magnetizations have zero limiting energy.

The first regime breaks the degeneracy between all these states and as-
signs to them a refined limiting energy according to |, g (M -V )2. On the
other hand, the limit functional for the first regime does not discriminate
between limiting magnetizations which are not constant in-plane fields and
assigns infinite energy to all of them.
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5 A two—dimensional model for large soft films
and comparison with experiment

In this section we discuss in detail the regime [t/d? > In(l/t), which cor-
responds to large films. This regime is of special interest for at least two
reasons. First, it covers a large range of concrete samples (including e.g.
thicknesses from a few nm to hundreds of nm and lateral dimensions from
1 pm to several hundred pm and larger). This allows us to compare the
predictions of the thin-film theory with a wealth of experimental data. Sec-
ondly this regime covers exactly a range of parameters which is not accessible
by direct numerical simulation of the full micromagnetic functional E(m),
since large lateral dimensions beyond a few um would require an excessive
number of discretization points for an accurate resolution of all the relevant
length scales.

5.1 Statement of the limit problem and the convergence re-
sult

For the rest of this section we will neglect anisotropy, i.e. we will set Q = 0.
Table 3 suggests that anisotropy is indeed negligible as long as Q < 7 = t/I
and this is established rigorously in [38]. For Permalloy we have @ = 2.5 x
10~% so that the condition Q < 7 = t/l is indeed well satisfied, even for films
with very small aspect ratio. To simplify the comparison with experiments
we will explicitly include an in-plane applied field H.,; (usually to be taken
as constant).
We thus study the three-dimensional energy functional (2.17)

E(m) :d2/ yvm|2+/ |VUy2—2/ Heow -, (5.1)
Q R3 Q
where (see (2.15))

Hex
Hew = qu 3 (5.2)

s

After the non-dimensionalization (3.3)—(3.8) this becomes

e™(m) :f#/ |Vm12+/syvu|2—2/hm.m, (5.3)
w R w

where w = ' x (0,7) and 7 = t/l is the aspect ratio of the film. For both
functionals we impose the constraint

Im| =1, (5.4)
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and the potentials U and u are determined from m through the static
Maxwell equations (2.20) and (3.9), respectively. Table 3 suggests that a
natural scaling for the applied field is Heyi(z) = szem(x /1). We also assume
that the applied field is in-plane. We thus suppose

h/
Hona(12) = heay() = ( m(f;’“)) (5.5)
Theorem 5.1 Suppose that
2
1
r -0, Tz o0 (5.6)
T T
and that heyy is given by (5.5) with b, fized. Then
s T
—e’ —e (5.7)
where
2 _ N A Y — /
e(m) = { Jes VU2 =2 [ bl -m! if mg =0, |m/|<1, (5.8)
+00 else

and where v is the single layer potential of divym/, i.e.

Av = 0 nR3\ (W x {0})
[v] = 0 and [53—;;} =div'm’  ono' x {0} (- (5.9)

We recall that the energy [|Vo|? of the single layer potential of div'm’
is only finite if the normal component of m’ does not jump across a possible
discontinuity curve of m/, in particular if

m' -V =0 ondu. (5.10)
As before I'-convergence is taken with respect to weak L? convergence of
thickness averages, i.e. we say that at sequence of three-dimensional mag-
netizations m” converges to a two—dimensional magnetization m as 7 — 0,
if | g
— / m” (-, x3) dry — m weakly in L?(w',R?). (5.11)
T Jo
In the following we will view e as a functional on tangential vector fields

m’ = (my,mg), keeping in mind the constraint ms = 0. One feature of
Theorem 5.1, which may look unusual at first glance, is that the unit length
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constraint on m is replaced by the inequality constraint |m’| < 1 on the
limiting in-plane magnetizations m’. We discuss this in more detail in Re-
mark 5.3 at the end of the next subsection.

The proof of Theorem 5.1 is given in [38]. The heuristic justification of
the argument is that the scaling assumptions on ¢t and [ (or equivalently on
7 = t/l and kK = d/l) are precisely what is needed to ensure that the key
energy contributions are clearly separated in the thin film limit, as shown in
Table 3. Indeed, the hypothesis 7 — 0 implies that the scaling in the upper
tier of the table is stronger than [t?, the hypothesis (5.5) makes sure that
the middle tier scales as [t? (with the exception of the anisotropy energy,
which has been dropped), while the scaling of the lower tier is weaker than
It? in view of the assumption 77 'x2In(1/7) — 0. For the upper tier, energy
penalization in the full model turns into a constraint in the reduced model.
The middle tier gives the leading—order energy scaling of the full model, giv-
ing rise to the reduced limiting model. This is determined by a competition
of penalization of in-plane divergence with the energy contributions of the
external field. Finally, the lower tier contains terms that are of higher order,
see (6.19) and (7.21).

Theorem 5.1 ensures, in particular, that sequences m” of ground states
for the full micromagnetic problem converge (in the sense of (5.11)) to mag-
netizations (m’,0) which solve the reduced problem. In fact, we will use
knowledge about the behavior of minimizers of the reduced problem to
deduce information on some of the asymptotic features of micromagnetic
minimizers, in the thin film limit, see Corollary 5.2 below. The reduced
problem however, is degenerate. The following discussion clarifies what we
can actually learn by minimizing the reduced energy.

5.2 Discussion of the reduced problem, its Euler-Lagrange
equation and the relation with the theories of van den
Berg and Bryant and Suhl

The reduced variational problem is convex. It is even strictly convex in the
potential v. Consequently, v is uniquely predicted by energy minimization.
On the other hand the reduced variational problem is highly degenerate in
m/: for constant external field h’,, = const the energy e depends on m’ only
through its in—plane divergence div' m/.

To extract further information from the reduced variational problem
and to compare it to existing models in the physics literature, it is very
instructive to look at the corresponding Euler-Lagrange equation (since the
problem is convex, solutions of the Euler-Lagrange equations and minimizers
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of the functional agree). These can be written in the form

—V'o+hl,, = Im' ond, (5.12)

where A\ = A(z’) > 0 is the Lagrange multiplier corresponding to the in-
equality constraint

m’| < 1. (5.13)

It turns out that for sufficiently small applied fields the constraint is
not active, i.e. one can satisfy (5.12) with A = 0. Then the Euler-Lagrange
equation reduces to

—V'o+hl,, =0, (5.14)

i.e. in this case the stray field —V’'v compensates the external field within
the sample (in our thin—film framework). This is analogous to electrostat-
ics, where charges on Ow arrange themselves to shield the interior w of a
conductor from an external field.

The model of van den Berg [113] considers the case without external field
and in view of (5.14) predicts that the stray field and thus div’ m’ vanishes
(‘flux closure’).

The model of Bryant and Suhl [19] allows for an external field and de-
termines V'v and thus div'm’ from (5.14). The constraint (5.13) on the
magnetization, however, limits the ‘charges’, unlike the case in electrostat-
ics. Hence stronger external fields ‘penetrate’ into the sample and we have

Bhen = —V'0 + iy # 0. (5.15)

Therefore, our model extends the model of Bryant and Suhl [19] and puts
it in a natural variational context.
In the region of field penetration

/

Whey = {2’ €W |, (') #0}, (5.16)

m’ is uniquely determined by the Euler-Lagrange equation, in fact m' =
ﬁ;en(x’ )/ |i~z;,en(x’ )|. Moreover, the region wy,,, is itself uniquely determined
since it only depends on the uniquely determined potential v. We notice
in passing that, in order to properly define w;,en, we need some technical
assumptions ensuring some regularity of v (in [38] it is shown that, for
constant applied field, these are satisfied if w’ is simply connected; for the
situation without anisotropy considered here, even this assumption can be

dropped, see [88]).
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Using the additional information arising from the Euler-Lagrange equa-
tion of the reduced problem we can strengthen the results that naturally
follow from Theorem 5.1. In particular, we can strengthen the notion of
convergence of micromagnetic minimizers to minimizers of the reduced prob-
lem.

Corollary 5.2 Under the assumptions of Theorem 5.1 and assuming, in
addition, that hl,, is constant, we have

i) Let m’ and n' be two minimizers of the reduced variational problem
with corresponding potentials v and w. Then w = v and

m' =n" = Npen /| Ppen| 01 Wpeps (5.17)
where ﬁ;en and wy,,,, are defined in (5.14) and (5.16), respectively.
ii) Suppose that m” is a sequence of almost minimizers of €7 /T, i.e.

lim l(eT(mT) —mine’) = 0. (5.18)

Then we have for any minimizer m’ of the reduced variational problem
and its potential v

1 m'\ |
lim—/ mT—< ) de = 0, (5.19)
T—0 T W;enX(OuT) 0
1 2
lim —Vu" —Vu| dx = 0, (5.20)
7—0 R3 | T
1
lin%—eT(mT) = (m). (5.21)
7T—0 T

Remark 5.3 We now come back to the point that the reduced problem only
involves the inequality constraint |m'| < 1 while we impose the condition
|m| = 1 in the three—dimensional problem. This relazation of the constraint
might be surprising from a physics point of view - indeed both van den Berg
and Bryant & Suhl consider only magnetization fields of unit length.

To understand this relazation of the constraint better we first explain why
it arises naturally in the I'-convergence setting and then discuss how the unit
length constraint might be restored through a finer analysis. T'-convergence
analyzes the energy functional at a particular energy scale. Theorem 5.1
says in particular that given a two—dimensional magnetization field m' with
e(m') < oo, there erists a sequence of three—dimensional magnetization fields
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m! which converge weakly to m’ (in the sense of (5.11)) such that €™ (m™) /T
converges to e(m'), even if |m/| < 1. In fact if m' is a minimizer of e
(for a given applied field) then the fields m™ can be chosen as approrimate
minimizers in the sense of (5.18). The reason that this is possible is, roughly
speaking, the low energy of Néel walls. To achieve, e.g., the limit m' = 0
one can consider magnetization patterns which consist of thin strips with
magnetization +(1,0,0), separated by Néel walls. Since the energy of a Néel
wall is negligible compared with the other energy contributions (see Table 3)
one can let the number of stripes and Néel walls go to infinity as 7 — 0
(at a sufficiently slow rate), thus obtaining a sequence of magnetizations
whose volume average converges to zero at each fized scale (this is exactly
weak convergence) and for which the additional energy due to the walls is
negligible (for a general limiting pattern the actual implementation of this
idea 1is rather delicate and is discussed in detail in [38]).

The low energy of Néel walls thus allows one to construct highly oscil-
latory magnetization patterns that still have low energy. In contrast to the
situation for the large body limit, however, the limit functional does not fa-
vor magnetizations that satisfy |m’| < 1. In fact, we will see in the next
section that given a minimizer m{, with |m{| < 1 one can construct a new
minimizer m' (for the same applied field) that satisfies |m’| = 1. Thus, one
might speculate that rapid oscillations of m™ are never necessary. In other
words, if one considers minimizers m” of €™ (and not just approximate mini-
mizers) then they may converge strongly to a limit m’ that satisfies |m/| = 1.
Mathematically this is so far an unsolved problem, even though some results
are available for related, but different, problems [8, 37, 67, 68, 103, 104]. To
make progress on this question one could view the result in Theorem 5.1 as
the zero—order term in an asymptotic expansion of the energy and one would
then need to understand the higher-order terms that break the degeneracy of
the zero—order limit functional (we have seen such a hierarchy of T'-limits
i Section 4.3; a very simple one—dimensional example is discussed in Sec-
tion 10.3). Some results on such higher-order contributions are discussed in
Section 6.

5.3 Numerical implementation

The reduced model can be used for the computation of domain patterns.
Following the algorithm proposed in [40], we proceed in two steps. First,
we use to our advantage the fact that replacing the nonconvex constraint
Im’|? = 1 with the relaxed, convex constraint |m/|?> < 1 does not change the
minimum of ¢/. Thus, we minimize the reduced energy ¢’ among all regular,
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in—plane vector fields of length less than or equal to one:
Step 1. Find a regular m{, minimizing ¢'.

(We call an in—plane vector field m/(2’) on w “regular” if it satisfies [m' - /] =
0 across all possible discontinuity lines and at dw). The in—plane divergence
div'm/ is known to have characteristic singularities near the edges and cor-
ners of w. Since the energy ¢’ depends on m’ only through div’ m/, this raises
the question of how to choose a local refinement strategy for a triangulation
of w. In [44] we derive the necessary refinement rate to retain the optimal
rate of convergence in the energy norm. In particular, we show that it is
sufficient to refine the triangulation towards the edges (and not the corners).

Computation of the magnetostatic part of the energy leads to matrix—
vector products with fully populated matrices due to the nonlocal character
of the magnetostatic interaction. On translation invariant grids one can ap-
ply the Fast Fourier Transform (FFT) to reduce computational cost from
O(N?) to O(Nlog N). On locally refined triangulations we use the method
of H-matrices (hierarchical matrices) as introduced in [58]. This method
relies on the fact that submatrices of the original matrix can be replaced by
suitable low-rank approximations. The approximate matrix is then stored
in a hierarchical data structure of size O(N log N), thus allowing an evalu-
ation of matrix—vector products in O(N log V) time. We implement a new
class of hierarchical matrices, the so—called H?-matrices [59], with optimal
complexity O(N) in the matrix—vector multiplication.

An application of H? matrices to three-dimensional stray field compu-
tations in micromagnetics is given in [27], where the large body limit, cf.
Section 3.2, is considered. In conjunction with a boundary integral formu-
lation of the three-dimensional stray field, H-matrices have been used in
[50].

The m(, obtained at the end of the first step has the correct energy, but
in general violates the unit length constraint. The second step postprocesses
my, to obtain a minimizer m’ of ¢/ with unit length according to the following
procedure.

Step 2. For a given regular m(, of at most unit length, find a scalar
function 1 solving

V4 +mb)? = 1 inw, (5.22)
Y = 0 onJw. (5.23)

33



The computed domain pattern m’, which we later compare with experi-
ments, is obtained by setting m’ = V't + mg.

The first step in the algorithm above involves a convex (but degenerate)
variational problem. We solve it with an interior point method [114]. In
more detail, the convex constraint is enforced by adding to the physical
energy € a small multiple s of a self-concordant barrier B. The unique
stationary point of the strictly convex functional ¢ + sB is computed by
Newton’s method. This is then used as the initial guess for the minimizer
of ¢/ + 3B, where § < s. The parameter s is then slowly decreased by
multiplicative increments. Within Newton’s method, the Hessian of ¢ +
sB is inverted by a preconditioned conjugate gradient method, where the
magnetostatic part of the Hessian is evaluated with the help of H?-matrices.

For the second step, we recall that there are many Lipschitz continuous
solutions of (5.22),(5.23). However, there is a special solution, known as the
viscosity solution, which has special mathematical properties. This can be
computed efficiently using the level set method [107]. This is the pointwise
solution of (5.22),(5.23) selected by our algorithm.

Our numerical scheme selects, automatically and robustly, one out of the
many minimizers of the reduced energy ¢’. The selection principle implicit
in this scheme is the same as the one often proposed in the physics literature.
Indeed, it appears to pick minimizers with as few walls as possible. Clearly,
a more physical selection mechanism should be based on minimizing wall
energy. This requires, however, the characterization of energy terms that
represent higher order corrections of our model, a step that seems to be
far from trivial. Understanding wall energies requires, in particular, the
understanding of their structures. Preliminary steps in this direction are
discussed in Section 6.

Figure 5 shows the predictions of our numerical scheme for a square film
of edge-length one, subject to a monotonically increasing field applied along
the diagonal. This rather special geometry was chosen to guarantee that
nontrivial domain patterns could persist beyond penetration of the external
field, as illustrated by the 90-degree domain wall emerging from the bottom
right corner of the sample.

5.4 Comparison with experiment

To check the predictions of the reduced theory, the response of two AC-
demagnetized Permalloy (NigiFejg, Js = 1.0 T) square samples of edge
lengths L. = 30 and 60 pum and thicknesses D = 40 and 230 nm, respectively,
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Figure 5: Predictions of the two—dimensional theory: gray—scale plots of the
vertical component of the computed magnetization.
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have been observed in a digitally enhanced Kerr microscope, [40]. The
observed domain patterns are given in Figures 6, 7, where the field intensity
H., measured in Tesla, is scaled according to

| Hey
H =~ t

(5.24)

d Js

H=0283 H=10.958 H=111

Figure 6: Permalloy films: L = 60 pm, D = 230 nm.

In comparing Figures 5, 6, and 7 one may speculate that the small lag
in the strength of the applied field exhibited by the thinner samples may
be due to the fact that, for these films, the walls are of Néel type and they
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Figure 7: Permalloy films: L = 30 pm, D = 40 nm.
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are repelled by the lateral boundary, cf. Section 6.4 for a discussion of
their repulsive effect. This effect, whose impact on the hysteretic response
of soft films is discussed in [41], could be captured by an enhanced two—
dimensional model in which higher-order terms in the film thickness are
taken into account.

Figure 8 examines more closely the predictions of our theory, and, in par-
ticular, the phenomenon of external field penetration. In order to estimate
the critical field strength at which penetration occurs, we have superim-
posed on each gray-scale plot the level curves of the potential v, of the
penetrated field, defined by

/ 7 _ / T
—v Upen - hpen — _v v + h6$t7

see eq. 5.15. Regions where the field lines concentrate are regions where
VUpen # 0, i.e., where the external field has penetrated the sample. Within
them, the Euler-Lagrange equation (5.12) implies that m’ is parallel to Vu.
The theory predicts that m’ can have no walls in the penetrated region.
The pictures confirm this, and show quite clearly that two apparently inde-
pendent phenomena — the expulsion of the domain walls from the interior
of the sample and the penetration of the external field — are in fact two
manifestations of the same event.

The comparison between computed patterns and experimental observa-
tions shows that the material parameter regime in which the constructions
of the theories of van den Berg and of Bryant and Suhl are relevant is cor-
rectly identified. Moreover, the successful comparison shows that the energy
at leading order is captured in a satisfactory way by the reduced model de-
scribed in this section.
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H=0.71 H=0.78 H=0.85

H=0.99 H=1.06

Figure 8: The transition between expulsion and penetration regimes. Lines
show the level curves of the potential of the penetrated field, arrows indicate
the magnetization direction.
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6 Higher order terms and wall structures

In this section, we discuss walls in ferromagnetic films of low anisotropy.
Walls are transition layers in the magnetization which separate domains.
What are the mechanisms which stabilize such a transition layer? Ordinary
Bloch walls in bulk samples arise from the competition of exchange energy
and crystalline anisotropy, cf. Section 7.2 and [66, 3.6.1 (A)]. As we shall
see, walls in films rather arise from the competition of exchange and magne-
tostatic energy. Apart from the intrinsic interest in these structures, their
energetic contributions are also expected to play a crucial role in breaking
the degeneracy of the two-dimensional limit functional (5.8) discussed in
the previous section.

Following van den Berg, [113], we shall start by explaining why there
are walls at all in low anisotropy ferromagnetic films, cf. Subsection 6.1.
Then we will discuss the wall structures themselves — as it turns out, the
picture is quite complex. In Subsection 6.2, we introduce the two basic wall
types, the Néel wall and the stray—field free asymmetric Bloch wall. The
thickness—dependent crossover can be rigorously identified on the level of
the specific line energy [98]. The Néel wall is a multiscale object in itself. In
Subsection 6.3, we discuss the logarithmic tail of the Néel wall, and present
its rigorous analysis by Melcher [89, 90]. In Subsection 6.4, we discuss the
core of the Néel wall in moderately thin films, and present some rigorous
analysis on how the volume charge is distributed between core and tail [39].
In Subsection 6.5, we introduce the cross—tie wall, which is a compound wall
made of a periodic microstructure of Néel wall segments. It is observed in
moderately thin films. We present the rigorous analysis by Alouges, Riviere
and Serfaty [7], which identifies an optimal pattern. In Subsection 6.6, we
give an explanation why the Néel wall in very thin films does not form a
cross—tie pattern [42]. In Subsection 6.7, we address the mechanisms which
determine the period of the cross—tie wall. In Subsection 6.8, we consider
thick films with a perpendicular uniaxial anisotropy and analyze domain
branching [28, 29].

For each topic, we start with an informal discussion, then present the
rigorous result and finally give some insight into its proof. The arguments
of this section rely on the variational nature of the micromagnetic model:
The ground state structures are characterized as minimizers of the energy.
Physically motivated constructions (‘models’) yield upper bounds on the
minimal energy. A rigorous analysis can contribute by establishing that
these upper bounds cannot be improved (in terms of scaling, asymptotically
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or exactly). Even if these ansatz—{ree lower bounds just capture the correct
scaling, they allow to unambiguously identify the various regimes. We shall
try to give an idea on how such lower bounds are obtained.

6.1 Why walls in soft ferromagnetic films?

Based on the nonrelaxed “magnetostatic regime” introduced in Section 4
we shall very informally explain how the principle of pole avoidance leads
to the formation of walls in ferromagnetic films, even in the absence of
crystalline anisotropy. This discussion follows the lines of van den Berg’s
work, see e. g. [113]. Let us think of a “mesoscopic” magnetization m where
walls would be represented by line discontinuities. In the magnetostatic
regime, the exchange energy suppresses the variation of m in the thickness
direction, i. e. m = m(z’). The magnetostatic energy, on the other hand,
suppresses the out—of-plane component, i. e. m = m’ € Sl, it suppresses a
non—tangential component, i. e. m’ -/ = 0 along 9, and suppresses the
in—plane divergence, i. e. V' -m’ = 0 in . This is the principle of pole
avoidance. We collect these conditions on the two—dimensional unit length
m!(z'):

Viem'=0in @ and m' -/ = 0 along 0. (6.1)

These conditions are too rigid for a smooth mesoscopic m’. This can be seen
by using the first property of (6.1) to write m’ with the help of a stream
function ¢ as m’ = V/*1). Then is seen the fact that m’ € S and the second
condition in (6.1) turn into the Dirichlet problem for the eikonal equation,
i. e.

IV )2 = 1in @ and 1 = const along 0. (6.2)

(This is a special case of (5.22) and(5.23).) It is well known that (6.2) does
not admit a smooth solution for a simply connected, bounded ’. On the
other hand, (6.2) admits many continuous solutions that satisfy the first
condition of (6.2) outside of a set of lower dimensionality. The simplest one,
the “viscosity solution”, is the distance function to 9§

P(a') = dist(a’,00"). (6.3)

The negative distance function 1(z') = —dist(2’, 9') is of course as good,
or any distance function of the form ¢ (z’) = dist(z’,0Q" UT’) where I"
is an arbitrary curve. Notice that unless Q' is a disk, all these functions v
feature lines across which the derivative jumps. Hence we learn that the
solution concept for (6.2) has to be relaxed to allow for line singularities.
This therefore applies also to (6.1): For (6.1) to be solvable, one has to
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admit for line singularities and interpret the first condition in (6.1) in the
distributional sense.

It is tempting to interpret these line singularities of the mesoscopic mag-
netization enforced by (6.1) as walls. Indeed, van den Berg has shown that
huge variety of domain and wall patterns in the “magnetostatic regime” fit
into the above framework. Let us just mention the “Landau state”, which
can be associated with (6.3), see Figure 9.

Figure 9: The Landau state

Notice that the first condition in (6.1), when interpreted in the distribu-
tional sense, implies that the normal component of m’ does not jump across
the one-dimensional discontinuity lines — charge—free walls in the jargon
of micromagnetics. As usual in the study of transition layers, we assume
that the mesoscopic discontinuity lines are straight. In view of the above,
straight discontinuity lines are characterized by a single (nonoriented) angle
20, > 0, which is the angle between the constant magnetization to the left
and to the right, see Figure 10. In the sequel, we will always denote by
x1 and x9 the in—plane variables normal and tangential, respectively, to the
straight wall.

6.2 Néel vs. asymmetric Bloch wall

In this subsection, we present the two basic wall types in soft ferromagnetic
films. On a microscopic level, a straight discontinuity line is replaced by
a smooth transition layer. We assume that the magnetization is indepen-
dent of the tangential in—plane variable x5, but we do a priori allow for a
dependence on the out—of—plane variable x3. Hence the considered class of
admissible magnetizations is given by

m = m(zxy,x3) €S? (6.4)
with

lim m = (cosfs,Esinb,0). (6.5)
x1Tto0
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Figure 10: The wall angle 6,

It is well known in the applied literature that there are two basic types of
walls in films:

e In thin films, the (symmetric) Néel wall is observed, see [66, Chapter
3.6 (C)]. If the film is sufficiently thin, the internal structure of the
wall is subject to the same constraints which are also imposed on the
mesoscopic magnetization: Variations in zs—direction are effectively
suppressed by the exchange energy, and the out—of—plane component
mg is effectively suppressed by the stray—field energy. Hence the mag-
netization is of the form

m = (m1(x1), ma(x1),0), (6.6)

see Figure 11. In view of (6.5), these walls are not charge-free on a

microscopic level:
dm1

V-m—d—xliéO. (6.7)
e In thicker films, the asymmetric Bloch wall (and its variant, the asym-
metric Néel wall) are observed, see [66, Chapter 3.6 (D)]. Indeed,
for sufficiently thick films the volume charges (6.7) lead to a pro-
hibitively large magnetostatic energy. The ordinary Bloch wall, i. e.
m = (cos b, mao(x1), m3(z1)), which has no volume charges, would
generate surface charges at x3 € {0,t}. For sufficiently thick films
however, the exchange energy leaves enough room to avoid both vol-
ume and surface charges:

V-m = 0 for z3 € (0,t) and mg = 0 for z3€ {0,t}. (6.8)
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The nonobvious fact that there exists an m of the form (6.4), which
exactly satisfies (6.8) has been discovered in [65], see Figure 12. Si-
multaneously, numerical simulation in [82] showed that the relaxation
of the symmetry assumption (6.6) allows for a considerable reduction
of the energy.

Figure 11: The basic form of a Néel wall

o

Figure 12: The asymmetric Bloch wall

This distinction of two basic types of mesoscopically one—dimensional
transitions is reflected by the scaling of the specific line energy. We will first
do this heuristically and then present the corresponding rigorous result [98].
To fix ideas, in this and the next subsection we treat the case of adjacent
domains of opposite magnetization, i. e. 6, = 5. For reasons which will be
clarified in the sequel we require a small anisotropy ) < 1 whose easy axis
stabilizes the magnetization (0,=£1,0) in the adjacent domains. Hence the
relevant specific energy (that is, per length in z5) for configurations of the
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form (6.4) is given by
Er1rs(m) = d2/ (’81m|2 + ’83m|2) dridrs (69)
Rx(0,t)

+/ (V| dzidzs + Q (m% + m%) dzrydzs,
RZ

Rx(0,t)
where the stray-field u,, = um,(x1,23) is defined in the usual way, cf (2.16).

Let us first heuristically discuss the case of the asymmetric Bloch wall.
Because of the structure assumption (6.8), the magnetostatic contribution to
(6.9) drops out. Let us assume that the anisotropy contribution is negligible.
Then the remaining variational problem of minimizing the exchange energy
among all magnetizations of the form (6.8) has a single length scale, namely,
t. Hence, by dimensional analysis, we expect that the wall width w and its
specific energy FE scale as

WasymBloch ™ t and EasymBloch ~ dz- (610)

In this case, the contribution from anisotropy would scale as @ t?, which is
indeed small compared to d? as long as

t2d? < Q7 (6.11)

This purely dimensional argument, however, does not reveal how the ex-
change energy (in combination with the constraint (6.8)) manages to localize
the transition layer. We will give the argument at the end of this subsection
in connection with Theorem 6.1.

Let us now consider the case of a Néel wall. For magnetizations of the
form (6.6), the specific energy (6.9) reduces to

d
E1q(m) = d2t/ |d—m'!2dﬂn1+/ !VumIQdﬂcldxg—i-Qt/m%dxl. (6.12)
R @T1 R2 R

The stray—field energy term becomes more transparent when considered in
Fourier space (k1 denotes the dual variable to x7)

inh(L¢|k
/ Vg|? dzydas = t/ - G |11|) \F(my)[2 dky. (6.13)
R2 R §t|k1| exp(§t|k1|)

Note that this is the zy-independent version of (4.5). Here
1 .
F(mi)(kr) = —/m z1)e M day 6.14
(ma)(k1) 52 . 1(z1) 1 (6.14)
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We note that the Fourier multiplier has a crossover at horizontal wavelengths
% of the order of the film thickness t:

stk { stlki| for t!k1!<<1} (6.15)

Stlk1| exp(t|k1)) 1 for tlky]>1

Since we expect magnetizations of the form (6.6) to occur for sufficiently
thin films it is natural to consider the t|k;| < 1 approximation to (6.15).
This yields

Brathin(m) (6.16)

d t?
= d2t/ |—m'[2dﬂc1+—/ |k1||f(m1)|2dk1+Qt/m%dx1
R dx1 2 Jr R

d 2 d 2
= d% | |—m'2d —/ (/2 d t/ 2 day.
Ll e + 5 [ 2 de+ Q¢ [ i d

Let us make a deliberately naive attempt to guess the scaling of the
width w of the Néel wall from (6.16) by a dimensional argument. The
exchange energy would scale as d?tw™!, the anisotropy energy as Qtw,
whereas the magnetostatic energy would not depend on w and scale like #2.
Hence, w would, like for the bulk Bloch wall, be determined by the balance
of exchange and anisotropy contributions, i.e. w ~ dQ~/2, see Subsection
6.8. But, as opposed to bulk Bloch walls, the main contribution would come
from magnetostatics, since t2 > QY2 dt for sufficiently soft materials.

The flaw of this argument lies in the assumption that the Néel wall has
a single length scale w, when it actually has two: a core and a tail width
Weore K Wyeil- Indeed, we think of the Néel wall centered at 1 = 0 as
being divided into two portions: a core |z1| < Weore and two tails wepre S
|z1| < wai- This two-scale nature allows the Néel wall to decrease its
magnetostatic energy by a logarithmic factor. In fact, the scalings of the

energy contributions are

contribution from exchange ~  d*twl,,
. . . —1 Wtasi
contribution from magnetostatics ~ 2In~' —%L (6.17)
Weore
contribution from anisotropy ~ Q t wyg-

The logarithmic scaling of the magnetostatic contribution will be explained
in Subsection 6.3. Now, optimizing in w.; and weere yields

2,—1 -1 2 -1 Wiail
Weorethin ~ At Wy ~ Q@ t and  Eneetthin ~ t°In77 ———.
Weorethin

(6.18)
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For very soft materials like permalloy (Q < 1), Q~!'t may be larger than
the sample dimension £. In this case wy,;; has to be estimated by ¢ and thus
the specific Néel wall energy scales as

ENeetthin ~ t21Int %. (6.19)
This is the model of what is called the ultrathin Néel wall, see [66, p.243],
because it is the appropriate model for very thin films. The core width of
the Néel wall in moderately thin films scales as d, as we shall explain in
Subsection 6.4. In fact, the scaling (6.18) is only consistent with the thin—
film approximation (6.16) provided the smallest length scale, i. e. Weorethin,
is large compared to t, which yields ¢ <« d. Notice also that the scaling
(6.18) is consistent with the assumption that weorethin <K Wiqir as long as

t2d% > Q. (6.20)

The optimization of (6.18) in wyg and weere also shows that, by a loga-
rithmic factor, the main contribution to the energy scaling comes from the
magnetostatic energy. In particular (6.18) shows that the Néel wall not only
requires a small-scale cutoff by the exchange energy but also a large—scale
cutoff, which in the present case is provided by anisotropy. Only this cutoff
limits the tail width w,;;.

The heuristics which lead to the energy scaling of asymmetric Bloch and
Néel walls have been made rigorous in [98]. The analysis does not presuppose
the special form (6.6) or (6.8). It thus confirms that there are only these
two basic types of mesoscopically one—dimensional transition layers in soft
materials — at least in terms of the leading—order scaling of the specific wall
energy.

Theorem 6.1 ([98]) In the regime (6.11) & (6.20) and for 05 = 5 in
(6.5) we have

d? for t?>d2 In %
. (6.21)

— 2 —
It g for °d7? < Ing

AV

min = Ey . (m) ~ {

m satisfies (64)

The notation “A ~ B in the regime (6.11) and (6.20)” means that there
exists a universal constant 0 < C' < oo such that % A < B < (C A provided
t2d—2 < % Q'and t?d=2 > C Q. Upper bounds are proved by construction
based on the ansatz (6.6), resp. (6.8) and inspired by the physics literature, in
particular [65] for (6.8). The main contribution of a mathematically minded
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analysis is to show that these models cannot be substantially improved, i.
e. in terms of scaling. This is done by providing ansatz—free lower bounds.

To give a flavor of a lower bound argument, we show how to obtain the
bound > d? for m of the form (6.8). This shows how the exchange energy in
combination with (6.8), and the nonconvex constraint |m|* = 1, manages to
stabilize the transition layer. Indeed, the second condition in (6.8) implies

772/ mg dridrs < t2/ (03m3)? dides. (6.22)

Rx(0,t) Rx(0,t)
Furthermore, (6.8) together with 0, = 5 yields fot my dzs = 0, which gives

2 2 2 2

T / midrides < t / (O3mq)” dxidzxs. (6.23)

Rx(0,t) Rx(0,t)

Similarly, we have for the vertical average mo = % fot mo dxs:
7T2/ (m2 - 77_12)2 dridxg < t2/ (83WL2)2 dridxs. (6.24)
Rx(0,t) Rx(0,t)

Now because of m? +m3 +m2 = 1, (6.22), (6.23) and (6.24) combine to

2t / (1—m3)de; < t2/ |03m|? daydas. (6.25)
RX(O,t) RX(Ovt)
On the other hand, we have
1 1

t/ — (01 2 dx < / ——(O1m deldxf

Rl_m%( o) dey Rx(o,t)l—mé( 2) ’
< / |01m|? dzydas, (6.26)

Rx(0,t)

where we again used m? +m3 +m2 = 1. Now (6.25) and (6.26) combine by
the Modica-Mortola argument (cf. Subsection 7.2) to give a lower bound:

d2/ |31m]2 + ]83m|2 dridxs
Rx(0,t)
(6.25),(6.26) 1 2
> d? (t/ — (Oymo)? dxy + T /(1 — mg)dx1>
R 1-— ms t R

) ) (6.5) )
> 2 d |Ovma|dxy > 4w d-.
R
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6.3 The logarithmic tails of the Néel wall

It is by now well-established that the tails of a Néel wall decay logarith-
mically, see [66, Figure 3.76]. However, early treatments based on ansatz
functions missed the very slow decay and led to an overestimation of the
wall energy, in particular for low anisotropy @ (see e.g. the review article
[43], pp. 397-401, where ¢ = 1/Q), and [66], p. 242). A first formal asymp-
totic analysis predicting the logarithmic decay was carried out by Riedel and
Seeger [101]; a detailed mathematical discussion and various refinements of
their work can be found in the work of Garcia—Cervera [52, 53|. Finally,
Melcher [89, 90] recently established the logarithmic behavior of the tails
rigorously, see Theorem 6.2 below.

We start by giving a very informal argument in favor of the logarithmic
scaling (6.17) of the magnetostatic energy of the Néel wall, as well as in
favor of a logarithmic tail in the range weore S 71| S wiai- We notice that
due to (6.5) and (6.6), there must be an 21 such that |mq(x1)| = 1, which we
think of as the center of the wall. By symmetry we may assume m;(0) = 1.
On the Fourier side, m1(0) = 1 is expressed as

/R F(my)dky = V2r. (6.27)

It helps to think of (6.27) as a constraint on the charge distribution —‘é%,
i. e. as f?oo 53"711 dey = — [° Cfi% dx1 = 1, rather than on the shape of m

itself. Minimizing the thin—film magnetostatic energy % Jg k1 || F(mq)|? dky,
subject to the constraint (6.27), yields the optimality condition

]:(ml)(k‘l) = % for ]{71 750 (6.28)

for some Lagrange multiplier A. Since the Fourier transform of —5—1 (in

the sense of Cauchy’s principal value) is given by —v/27isign(k1), we may
regard (6.28) as the Fourier transform of 2In ﬁ, where w is some length
scale which can be identified with wy;;:

mi(z1) = 2 In —teil (6.29)

Note that changes in wy,; affect mq by an additive constant to which the

charge distribution —Cé—’;‘ll is oblivious.
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If one assumes that most of the volume charges —Cg"Tll reside in the tail

(this assumption will be questioned in Subsection 6.4), (6.27) turns into

]:(ml)(k‘l) dk‘l ~ V2. (6.30)
{wy 5 Sk Sweore}

This determines the constant A in (6.28) asymptotically; we obtain from
(6.29):

In Htad
ma(z1) ~ 1nﬁ for  weore < |71 < Wiair (6.31)
wco’re
and from (6.28):
r 2 ) 1 Wtail
2 k1 [|F (ma)|” dky =~ §t In~!' —. (6.32)
{wi SIki|Sweore} Weore

The asymptotic formula (6.32) justifies (6.17) and specifies (6.18) to

™ _
ENeelthin ~ _tQ In ! (633)

2 O
This very formal argument has been made rigorous in [89, 90]:
Theorem 6.2 ([90]) In the regime (6.20) and for O = 5 in (6.5) one has

min Erathin(m) =~ L i
m satisfies (6.6) Ldthin - 2 Q dz

Furthermore, for any minimizer, my s symmetric around 0, decreasing on
the right half-axis and satisfies

Clal o P < | < Q7.

The precise meaning of “A ~ B in the regime (6.20)” is the following: For
any € > 0 there exists a ¢ > 0 such that for Q < §t>d~2 it holds 1 —¢ < % <
1+ €. Let us give an outline of the approach. One is interested in the tails,
which are expected to carry most of the energy. Thus it seems promising
to consider the linearization of E1gps, around mi = 0. The original non—

linear character is just preserved in the affine constraint f?oo CﬁlmTll dx1 =
— fooo Cfi% dr1 = 1 on the charge distribution —Cé—’;”‘ll, which is expressed by
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(6.27). The linearized energy E1gthiniin can then be conveniently expressed
in Fourier space:

Erdthintin(m)

d 2 2
= th/ <—m1> dm1+—/|k1|]}"(m1)|2dk1+Qt/m%dx1
r \dz1 2 Jr R
2
= /<d2t1k1]2+§|k1|+Qt> | F(ma)|? dk . (6.34)
R

Now (6.34) is minimized subject to the constraint (6.27). We introduce the
rescaling

11,4 142
ry = 5Q tx1 and Eldthmlin = §t Eldthinlina

and denote by F and k; the Fourier transform and the wave vector after
rescaling. The solution is given by

o V2T

Flm) = Q"
YT R + R+ 1

and Eldthinlin = 27\ with € = 4t—2,

where the Lagrange multiplier A is determined through
. . . 1
- /(e|k1|2 bl 41) " db ~ 210
R €

For € = 0 the inverse Fourier transform can be carried out explicitly, defining
m = A"lm:

S0y . -l 1 &
cost; [ cos&y
I

s

sin |Z1] [ sin&; dey. for iy 40
, .

dé1 +
Z1| 51 ! ™ |21] 51

The function 79 has the expansions
o 1 In(1/|21]) = v+ O(21) as |#1] < 1
i+ 0@ as |21 > 1

where v = 0.577... is Euler’s constant.

This shows that in the region d?t~! < z; < tQ~! the optimal profile
for the linearized energy E1gjinthin indeed has a logarithmic shape (6.31).
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Theorem 6.2 shows that the minimizers of the linearized energy E1gthiniin
already capture the correct leading—order asymptotics both for the tails and
the minimal energy for Fjgpin. In [39, Proposition 2], the correction has
been shown to scale as

. ™ —1 Wtail Wtail —2 Wiail
min Erathin(m) — = 2 Int =~ 2 (lnln =22 ) In 2 e
m satisfies (6.6) 2 Weore Weore Weore

in a slightly different context.

6.4 The core of the Néel wall in moderately thin films

In moderately thin films, the Néel wall has an even more complex structure
than the analysis of the previous subsection reveals. We quote from [66,
p.243] “In the centre of the wall, the flux into the wall normal direction [i.
e. x1] is ... 1 in reduced units. In the domains this flux is ... cosfs. In
each half wall the reduced total magnetic charge £(1 — cos 0,) has therefore
to be distributed. Part of the charge is concentrated in the core, where it
supports a low energy state by close interaction with its counterpart of op-
posite polarity. This part is limited by the exchange energy, which prevents
an arbitrarily narrow core width. The other part of the charge gets widely
spread in the tail.” We refer to Figure 13. In this subsection we present
a rigorous analysis [39], which brings this to the point. We start with the

heuristics.
—
—

—_ — | —

+ o+

+++

Tail Core Tail

Figure 13: The charge distribution in core and tail

The “close interaction between charges in the core” cannot be captured
within the thin—film approximation of the stray—field energy (6.16). As a
heuristic, let us replace the Fourier multiplier in (6.13) by its second limiting
expression in (6.15), since it is the asymptotic expression for horizontal scales
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< t. For subsequent use, we consider a general wall angle 6, and neglect
anisotropy, which is not relevant for the balance in the core. Notice that in
this case m; — cos 6« is the quantity which is square integrable for |z1| —
+oo. Therefore, in (6.13) F(m1) has to be replaced by F(m; — cosf).
Hence, F14 is approximated by

d !
Evamien(m) = dt / LA / F(mn — cos 6|2 dy
R dzq R

d /
= dzt/ ]ﬂ|2dx1+t/(m1—cos@oo)del.
R dr R

It is convenient to express E1g4tpick in terms of the local angle, m’ = (cos 8, sin 6):

do \?
Ergthick(m) = dzt/ <—> dx1+t/(cosﬁ—coseoo)2 dx.(6.35)

This standard variational problem has — up to translation — a unique min-
imizer for the boundary conditions (6.5). A dimensional argument shows
that the width of the transition layer scales as

Weorethick ™ d. (636)

The energy of the optimal transition layer can be computed explicitly:

Ooo
ENecelthick = Zdt/ (cosf — cosboo)df = 4dt(sinfy — O cos o).

oo
(6.37)

Hence E1ghick(m) indeed models the competition of magnetostatics and
exchange in the Néel wall core as described in the quotation. This is consis-
tent as long as the core width is small compared with ¢, i. e.

d < t, (6.38)

so that the approximation of the Fourier multiplier (6.15) leading to (6.35)
is justified. On the other hand, the magnetostatic part of F1gps, models the
spreading of charges into logarithmic tails, as we have seen in Subsection
6.3.

Let us now address the optimal mix suggested in the quotation and
envision a Néel wall profile m’ = (cos6,sinf) with 6, = 5 and center at
x1 = 0. We think of the profile as being divided into a core governed by
E1gthick(m) and tails governed by Ejginin(m). The core extends over |0] <
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Ocore and the tails over the region described by |0] > |0core| and |z1] S wigi-
Observe that core and tails not only live in different parts of physical space
but also in different parts of frequency space: In view of (6.36), the core
has a peaked frequency spectrum around |ki| ~ d~! whereas the tail has
a spread—-out frequency spectrum, cf. (6.28). This justifies thinking of the
energy as the sum of the energies of core and tail.

The energy of the optimal core is given by (6.37) with 6, replaced by
Ocore- The magnetostatic energy of the optimal tail is given by (6.32), but
with a factor of cos? O.ore. Indeed, the right tail has only to accommodate
the charges —‘fi% coming from the rotation from mi; = cos8.4re to my =0
(instead of the rotation from my = 1 to m; = 0 considered in Subsection 6.3).
This means that in the informal discussion at the beginning of Subsection
6.3, the constraint (6.27) has to be replaced by fR F(my) dky = /27 cos Oeore.
The square in cos? .o is a consequence of the fact that the magnetostatic
energy is quadratic in mq, cf. (6.32). We summarize these findings:

contribution from core ~ 4dt(sinOeore — Oeore COS Ocore),
contribution from tail ~ 2t (ln! tail) cos® Oeore,  (6.39)
contribution from anisotropy ~ Q t wyigi-

We allow ourselves to be noncommittal about we.. since it only appears in
the logarithm; to fix ideas we take weore = d ~ Weorethick- NOW the quotation
suggests that the optimal Néel wall profile is obtained by optimizing the sum
of (6.39) in O.pre and wyy;; (as opposed t0 Weore and wyqyy for the ultrathin
Néel wall, see (6.17)).

This somewhat bold optimization principle has been made rigorous for
a special case in [39]. It treats the case where the length wy,; of the Néel
wall tails is not implicitly determined by the balance of magnetostatics and
anisotropy as in (6.18), but is imposed by boundary conditions:

m = (0,£1,0) for =+ x1 > wie- (6.40)

The condition (6.40) models the confinement of the Néel wall tails by sample
edges or neighboring Néel walls. The result of [39] is also restricted to the
limiting regime where the core energy dominates the tail energy, i. e.

Wtasgl

dt™' In < 1 with the understanding that d < w;g;;- (6.41)

Notice that this contains (6.38). In the regime (6.41), the optimization
principle in 6., based on (6.39) yields

Qcore ~ g —2 dt_l In % and ENeelmia: ~ 4dt — 27 d2 In —wzgil.
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This is exactly what can be proved using the original magnetostatic energy
in Eld-

Theorem 6.3 ([39]) Let Q = 0. In the regime (6.41) and t < wiqi, we
have
. 2 Wiail
min Eiyy =~ 4dt—27d* In —. (6.42)
m satisfies (6.6) and (6.40) d
The precise meaning of the notation of Theorem 6.3 is the following: For
any € > 0 there exists a § > 0 such that if d < 6wy, dt~'In % < 4 and
t < 0 Wy, one has

Weail

4

1 .
|= min Eyg — 4 + 2rdt ™ In !

< _].
o 7 | <edt™ In

The statement in [39, Theorem 1] has an additional factor of two, since it
considers the case of an array of winding Néel walls at distance wgq;; and
computes the energy of a pair of walls. The proof is based on a perturbation
analysis around the well-characterized minimizer of (6.35). It uses the vari-
ational structure and, amongst others, the fact that F4, when expressed in
terms of my alone:

1 d
Eld(m) = d2t/ (—m1)2 dCEl—i-/Z |Vum]2 d$1d$3+Qt/m% dx,
R R R

1-— m% dzq
is nonlinear but convezx in m;.

The comparison of (6.37) for 0, = § with (6.42) quantifies how the
spreading of charges into the tails reduces the total wall energy. It can be
seen from (6.42) that this effect decreases as the confinement length wy,;
of the tails is decreased: %% < 0. It can also be read off that the

relative importance of the repulsive term decreases with increasing thickness:
—aENew/ EnNcelmiz = %dt_1 w;él. This quantifies the repulsion.

Owtail

It has to be noted, however, that for the full energy E; ., (i. e. when
minimizing over the larger class (6.4)), there is no proper regime where the
leading—order energy scales as d t, as we learn from Theorem 6.1. The scaling
in Theorem 6.3 is a consequence of the restriction to magnetizations of the
form (6.6). Other restrictions of the magnetization have been considered,
for instance that of a bulk Bloch wall symmetry, i. e. (0,ma(z1), ms(x1)).
This yields a scaling of the specific wall energy as dY/3 4213 see [53, Theorem
7.1].
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6.5 The cross—tie wall

Formula (6.37) shows that the core energy of a Néel wall strongly degenerates
for small wall angles 0..:

4
Eneeithick(0oo) = 4dt (sinfs — 0o cos ) =~ 3 dt 020 for O, < 1.
(6.43)
In particular, a (6o = F)-wall “costs” only a fraction of a (0 = F)-wall:

Eneetthick(§) = i_Tg ENeetthick(5), with i_Tg ~ 0.152. In the physics liter-
ature, this observation is evoked to explain the occurrence of the cross—tie
wall, see Figure 14. The cross—tie wall is a periodic pattern of small-angle
Néel walls which macroscopically acts as a (6 =5 )-wall. This pattern is
formed by perpendicular Néel wall segments (the “cross—ties”) which divide
a central wall into segments. In this subsection, we report on a remarkable
work by Alouges, Riviere and Serfaty [7], which, based on (6.43), identifies
an optimal mesoscopic pattern.

Figure 14: Cross—tie wall in a 7T6-nm—thick Permalloy film. Reproduced with
permission from Hubert and Schéfer, Magnetic Domains, Springer 1998

Motivated by van den Berg’s view, cf. Subsection 6.1, all admissible
mesoscopic patterns are described by (discontinuous) in—plane magnetiza-
tions m/(2’) € S' which macroscopically act as a (6o =75 )-wall, which have
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Cross

Figure 15: The optimal mesoscopic pattern

some tangential period weposs, and which are weakly divergence—free, i. e.

limg, 40om’ = (0,£1),
m/(-rla-fQ“‘wcross) = m/(xlva)a (644)

V'-m’ =0 distributionally.

We first describe the optimal mesoscopic magnetization m’ and its line dis-
continuities, which are sketched in Figure 15. If 1 = 0 denotes the position
of the central discontinuity line, m’ obeys the symmetry (my, mg)(—xz1,z2) =
(mq,—mo)(x1,x2). If 9 = 0 denotes the line half way between two perpen-
dicular discontinuity lines, m’ also obeys the symmetry (my, mo)(z1, —22) =
(—ma1, m2)(z1,22). Hence, it suffices to specify m’ in {x; > 0,0 < 29 <
Weross 1 the shaded region in Figure 15. In this region, the magnetization
is continuous (but not differentiable) and given by pasting a vortex—like
magnetization to a constant magnetization:

(— L2 : L1 ) for I > xIo
m' (') = Vet yeites . (6.45)
(—E, E) for 1 < )

It is easy to check that m’ satisfies (6.44). The angle 6 of the line discon-
tinuities cover the range from 7 to zero. The line energy per unit length in
xo—direction of this pattern is easily calculated to be (we may set weross = 1)

T & 1
Ecrosstie = 2 ENeelthick(Z) +2 / ENeelthick (arCtan —) dxl
% 2$1
= 4dt(V2-1). (6.46)
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Notice that this is indeed smaller than the line energy Eneceitnick(5) = 4dt
of a simple (6., =7)-Néel wall. Surprisingly, it can be shown that the value
(6.46) is optimal:

Theorem 6.4 ([7]) It holds

. 1
min
m satisfies (6.44) Weross

/ENeelthick(eoo) ds = 4dt(\/§—1),
r

where I' denotes the union of all line discontinuities of m' as characterized
by the angle 05, which varies with arc length s.

Let us give the concept of the proof. It follows a strategy laid out in [70]
for a mathematically related variational problem. This strategy makes use
of continuous maps ®'(m’) € R? with the following two properties:

V-®'(m') =0
(6.47)
for every smooth m/(z') € St with V' - m/ = 0,
and
(@ (miegy) = @' (i) V' < Eneeithick(foc)
(6.48)

for any mj, It m;ight € S! which form the angle

with a normal v/ € S, see Figurel6

Figure 16: Wall and normal

By the divergence theorem, such a ®' yields a lower bound independent
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of m':

1

/ ENeelthick(aoo) ds
Weross JT

(6.48) 1
>

Weross

/F((I)/(m;eft) (I)/( rzght))'yldS’
‘ 1

/ V'@ (m')d
Weross JRx(0,weross)

— (m/ (21 =400)) - (1,0) — ' (m (21 =—00)) (—1,0)]

CHLAD 97 ((0,1)) - (1,0) — (0. -1) - (~1,0)]. (6.49)
In order to yield an optimal lower bound, ® must be adapted to the form
of Encerthick (and the conditions imposed at x1 = +00). The choice of @’ in
[7] is guided by
1

ﬁél( m') = Om' +m'" where m = (cosf,sinf) (6.50)

introduced in [103]. That paper treats the case where m’ admits a global
phase 6. It is not difficult to see that @ satisfies (6.47) and (6.48). But it
cannot be used here since there is no global phase 6 for the cross—tie pattern
(6.45), see also Subsection 6.6. For [7], symmetric variants of the &' in (6.50)
are pieced together to form a map ®'(m’) continuous in m’ € S*:

Om/ +m'™* +(0,—V2) for —F<0<7

Loy = 4 G- 6)m' —m'~ +(—v2,0) for F <6<
2dt (0 —m)ym' +m"" +(0,v2) for <<
(§ —O)m' —m™ +(v2,0)  for F<OH<T

Using the corresponding property of @', one checks that also @ satisfies
(6.47) and (6.48). Finally, one easily checks that for this choice of @', the
right hand side of (6.49) indeed takes the value 4dt (v/2 — 1).

6.6 Two—dimensional stability of the Néel wall in very thin
films

We return to the ultrathin Néel wall investigated in Subsection 6.2 and 6.3.
In this case, the degeneracy in the angle is even more pronounced. Indeed,

™ _1 Wtail
ENeelthin(eoo) = 5 t? (ln ! wti) (1 — COs 900)2
core
~ D42 (In~* Wtail VoL for O, < 1, (6.51)
8 Weore
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cf. the argument which leads to (6.39). So the ultrathin Néel wall should
be more prone to the formation of a cross—tie pattern, Figure 15, than the
Néel wall in moderately thin films. But in fact, experiments do show stable
(0oo=7%5)-Néel walls in sufficiently thin films.

We first give the heuristic explanation from the physics literature why
the ultrathin Néel wall does not suffer from the cross—tie instability. As
we have noted in Subsection 6.5, the optimal mesoscopic cross—tie pattern
m’, see Figure 15 and formula (6.45), does not allow for a global phase 6.
More precisely, there are topological defects residing in the points indicated
in Figure 17. The black circles indicate a point singularity with winding
number 1, the white circle a point singularity with winding number —1.
Analogously to the line singularities, the point singularities are replaced by
smooth structures on the microscopic level, the so—called Bloch lines (“line”
refers to the xz—direction). Because of the topological reasons mentioned,
these structures require an out—of—plane component mg. The inner structure
of the Bloch line which replaces a white circle is easy, cf. Figure 18: It is the
regularization of a vortex, where the magnetization avoids the singularity
by turning out of the plane when approaching the center.

X1

Figure 17: Topological defects in the mesoscopic cross—tie pattern

In [38] the following scaling of the energy for the Bloch line in ultrathin
films is heuristically derived:

wCTOSS

E ~ d%t1
Bloch n P
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Figure 18: The circular Bloch line

see also Section 7.3. Since the Néel-wall energy tends quadratically to 0 for
t | 0, cf. (6.51), the relative cost of Bloch lines increases with decreasing
film thickness. This is the common explanation why cross-tie walls are not
observed in sufficiently thin films despite the pronounced angle degeneracy,
cf. (6.51).

This does not yet explain why the (6, =75)-Néel wall is stable in very
thin films, even if an out—of—plane component is suppressed. This question
has been addressed in [42]. There, a class of microscopic in—plane magne-
tizations m/(2’) € S', which macroscopically act as a (0 = %)-wall, and
which have some period w in the tangential direction, is considered. The
Néel—wall tails are constrained to have the width wy,;; by a two—dimensional

version of (6.40). This amounts to:

m/(x1,29) = (0,£1) for £ z1 > wig, (6.52)
m/(x1,xe +w) = m/(x1,x9).

For this type of m/, the three—dimensional energy (per period w in xzg)
without anisotropy assumes the form

Epyz,(m') = dzt/

|V’ m/|? dw’+/ Vi, |* de,
Rx (0,w)

Rx(0,w)xR

where the the magnetostatic potential w,,(z1,z2,23) is generated by the
volume charge V' - m/ in {0 < z3 < t}. For sufficiently thin films, this
charge distribution is well approximated by the surface charge —t V’-m’ on
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{3 = 0}. This is the thin—film approximation of (4.6) and yields

Easlxzthin (m/)

t2
= d%/ IV'm/|? da’ + —/ K| 7HFV - m)[? di/
R (0,w) 2 Jrx2ry

t2
_ d2t/ V' 2 da’ + —/ 1V [~29 P da(6.53)
Rx (0,w) 2 Jrx(0,w)

This is the proper two—dimensional generalization of (6.16) with @ = 0. The
relevant regime is when the core width of the ultrathin (0o =% )-Néel wall,
cf. (6.18), is much smaller than the imposed tail width, i. e.

Pt < wi (6.54)

The energy of the ultrathin Néel wall approximately behaves as
Wil
daz

cf. the argument which leads to (6.18). In [42], it is shown that the one-
dimensional transition profile is asymptotically optimal under all two—dimensional
variations of the type (6.52):

T2, -1
ENeelthin ~ §t In

Theorem 6.5 ([42]) In the regime (6.54),

1 , T
; ~ 21471
min —Ey othin(m’) = —t° In 5
m/ satisfies (6.52) W 2 d

Wiair t

(6.55)

Let us give the concept of the proof. For an arbitrary m’ of the form
(6.52) there is a curve I' in (—wgq1, Wieir) X R with

I'is w—periodic in o and m' =1 alongT.

One may think of I' as the wall center, see Figure 19.
The strategy is to show that for length(I') (short for length(I' N (R x

(0,w)))) .

By pthin(m') 2 gﬂ (In~! “%”Mength(r), (6.56)
which yields (6.55) because of length(I') > w. This is done by a duality
argument based on the charge distribution —V’-m’. The charge distribution

is tested by the characteristic function ¢

¢ = —% left of ' and ¢ = 5 right of T,

N[
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Figure 19: The mesoscopic wall position

see Figure 19. By the construction of I', the definition of ¢ and the diver-
gence theorem one has on the one hand

/ V' -m ¢da’
Rx (0,w)

In order to conclude (6.56), one needs, on the other hand, that

/ V'-m' ¢da’
Rx(0,w)

| 1/2
< ((2 t_2 In Wiail © Emmthm(m/) + 0(1))1ength(r)> . (6.57)

= length(T").

This inequality is based on Cauchy—Schwarz in Fourier space

1/2
/ V'-m' ¢dd < / K| 7HFV - m’)Pdk’/ |K'||F(¢)|* dE'
Rx (0,w) Rx 227, Rx 227,

(6.53)
§ (2 t_z Exlxgthin (m/) /

Rx 277
w

1/2
K| F(¢)]? dk") ,
on the fact that an interpolation estimate of the form
|, WIF@Pa £ splol [ Vel (659
Rx 277, x’ Rx (0,w)
just fails logarithmically, and on the obvious identity

1
sup || / |V'¢|dz’ = §length ()
x’ Rx (0,w)
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for our ¢. The failure of (6.58) is carefully controlled by a cutoff in k’-space
and gives rise to the logarithmic scaling including the optimal prefactor in
(6.57) via the interpolation estimate

/ min{weore ’k,|27 ]k'|, w;zil}"}—((ﬁ)ﬁ dk’
Rx 227,

2 .
Rl MUY V¢ da, (6.59)
™

~ Weore  a Rx (0,w)
which holds for all wepre < wiey and an arbitrary function ¢. The main
ingredient for (6.59) is the inequality
/

/ 4 sin2(k '25””/ VIF(@)2dk = / (p(a’ + 62") — p(2'))? da’
RX%Z Rx(0,w)

IN

2 sup || |62" - V' ¢| da’
x’ Rx(0,w)
(6.60)
/’—3

for arbitrary dz’ € R2. This inequality is multiplied with |0z and inte-

grated over the annulus {weore < [02'] < wygq }-

6.7 The cross—tie period

We return to the cross—tie wall of Subsection 6.5. The analysis of that
subsection does not yield the cross—tie period weross. Indeed, the variational
problem considered in Theorem 6.4 is oblivious to Wepess. In this subsection
we heuristically address mechanisms which might determine w,ss, following
[39]. In the physics literature, this is considered an open problem: “An
attempt to calculate the equilibrium period of cross—ties has to include the
repulsive interaction between the main wall segments and the adjacent cross—
ties... . In addition, the extra energy connected ... [with] the Bloch lines
has to be considered. No reliable estimates are available for either of these
contribution, which means that a consistent theory of the cross—tie wall is
still lacking.”, cf. [66, p.245].

Let us address the proposed mechanisms. The repulsive interaction be-
tween the main wall segments and the adjacent cross—ties results from the
following fact: The sense of winding of these Néel walls, cf. Figure 20, is
such that their tails compete for space. Since the average distance between
the main wall segments and the adjacent cross—ties scales as weross, we have
Wiail ~ Weross 1N the language of Subsection 6.4. As Theorem 6.3 shows for

64



(0= %)fwalls, the specific wall energy decreases with increasing we,;;. The
repulsive mechanism due to the Bloch lines is easy to understand: As stated
in Subsection 6.6 for very thin films, every Bloch line carries a quantum
of energy which only weakly depends on weross. But the number of Bloch
lines per unit length is given by 2wl .. There is no ambiguity about the
relevant attractive mechanism. It is given by an in—plane uniaxial crystalline
anisotropy, which favors the magnetization in the domains. Of course, we
think of soft materials:

Q < 1. (6.61)

Since there is a band around the central wall segments of width ~ w¢poss,
where the magnetization deviates from the easy axis, see Figure 21, anisotropy
favors a small Weross-

eross

Figure 20: Winding Néel walls in cross-tie

Weross

Figure 21: The effect of anisotropy

In order to arrive at a more quantitative picture, we make the following
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assumption: The dominant energy contribution is the energy of the Néel
wall core. According to Subsection 6.5, it completely determines the relative
proportions of the optimal mesoscopic pattern, cf. (6.45) and Figure 15, but
not its length scale we,oss. We now identify the corrections to the energy
from anisotropy, Néel-wall interaction and Bloch-line contribution based on
this optimal mesoscopic pattern. The sum of these expressions will then be
minimized in Weppss-

Based on (6.45), the contribution from crystalline anisotropy per length
in x9 is easy to quantify:

1
anisotropy per length =~ Z(l + g) Q t Weross- (6.62)

In order to assess the contribution of Néel-wall interaction, we need the
result of Theorem 6.3 for an arbitrary wall angle 6,,. Recall the heuristics
of Subsection 6.4 on the optimal mix of core and tail in a Néel wall. We are
now interested in the case of an arbitrary wall angle 6., and tails limited to
a length wyg, cf. (6.40). In this situation, the contribution from the tails in
(6.39) has to be replaced by Z 2 (In™" “i) (o8 fore — OS f0)%. Minimiza-
tion of core and tail contributions in 8., gives the following expression for
the specific Néel-wall energy:

ENeetmiz ~ 4dt(sin s — o c0s0s0) — % d? (In “”;“" )62, (6.63)
in the regime d < wyy and dt™! In®8l < 1, cf. (6.41). The leading
term in (6.63) is the expression on which the identification of the optimal
mesoscopic pattern was based upon, see (6.43). We are interested in the
correction term. It captures the reduction of the specific Néel wall energy
coming from spreading a small amount of the Néel wall charge in form of
logarithmic tails. More important, it quantifies how this reduction increases
with decreasing confinement of the tails. We apply (6.63) to the Néel walls in
the optimal mesoscopic pattern. As motivated above, we use wyqi; ~ Weross
(so that In®til = In ®ere==) and integrate the correction term along the
discontinuity lines of the mesoscopic pattern (with varying 0.(s)). We so
obtain the following correction to the total Néel wall energy per length:

Correction to total Néel wall energy per length

8
~ g2 Leross 0.844 2, 6.64
0 e (g 0844 0) (6.64)

For the contribution of the Bloch lines, we focus on the simpler circular Bloch
line. The circular Bloch line seamlessly extends into the vortex segment of
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the mesoscopic magnetization, cf. (6.45). By a logarithmic factor, the main
contribution to the energy of a Bloch line comes from the exchange energy.
We therefore calculate the exchange energy of the vortex segments outside
the vortex core and assume that the vortex core size scales as d. Per unit
length in z9 this yields:

Total Bloch line energy per length ~ md2tw;l,, In =% (6.65)

Cross d

We now minimize the sum of (6.62), (6.64) and (6.65) in weress- The
minimizer is the solution of

0.643Qt —5.20d% w! | —3.14d2 tw 2, In 2<% ~ . (6.66)

Cross Cross d

Obviously, there are two regimes:

8.23Q ' d?tt  for td' < (57t L)Y/2 Regime I

Weross ~ .
2.21 (é In 5)1/2 d for td='> (4In7! 5)Y/2 Regime II

(6.67)

In the first regime, the dominant repulsive mechanism is the Néel-wall in-
teraction; in the second regime, it is the Bloch-line contribution.

Q= g
Q= Q|

Let us check the consistency of the argument: For (6.64) and (6.65) we
need to check Weross > d and dt~'In % < 1. This is consistent provided
the film is sufficiently thick, i. e.

1
td! > In—, 6.68
0 (6.68)

so that Regime I is restricted to the band lné < td!' <« (é In %)1/2.
Notice, however, that in regime (6.68), the asymmetric Bloch wall beats the
Néel wall as we learn from Theorem 6.1. Hence, the above analysis only
applies to a small range of film thicknesses.

Let us now compare (6.67) with some experimental observations of cross—
tie walls. The scaling of w055 With respect to @ was experimentally inves-
tigated by Middelhoek in [91] for Permalloy films of thickness t = 60nm,
for which the effective quality factor was varied through the application of
mechanical stresses. The observations show that wgross iS proportional to
Q~!, which is in agreement with Regime 1.

Concerning the dependence on thickness t, we turn to [66, p.449]. We
consider Figure 5.59 a) through e), where we read off wess. To compare
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exrp Regl RegIT
t Weross Weross Weross Weross

10 nm | 62.4 pm | 82.3 pm | 2.01 pm | 82.4 pm
30 nm | 29.2 pm | 274 pm | 2.01 pym | 27.7 pm
40 nm | 16.4 ym | 20.6 pm | 2.01 pm | 20.9 ym
60 nm | 8.0 pm | 13.7 pm | 2.01 pm | 14.2 pm
76 nm | 2.8 pm | 10.8 pm | 2.01 pgm | 11.5 pm

Table 4: Comparison of predictions and observations of werogs

these experiments for Permalloy films of varying thickness with the theo-
retical prediction, we use d = 5nm and Q = 2.5 x 10~*. Hence (6.61) is
certainly satisfied while only the thicker films satisfy (6.68). In Table 4, the
first column gives the film thickness, the second column the experimental
cross—tie period, the third column the prediction based on Regime I, the
fourth column the prediction based on Regime II and the fifth column the
prediction based on the solution weess of (6.66). The order of magnitude is
certainly well captured by the theoretical model (6.66). It tends to overes-
timate the repulsive mechanisms, especially for the larger thicknesses. The
theoretical model also predicts the right trend in the t—dependence. The
comparison of the last three rows shows that the experiments are in a pa-
rameter regime where the full theoretical model (6.66) is well approximated
by Regime I. Hence the dominant mechanism for these experiments seems
to be rather the Néel-wall interaction than the cost of Bloch lines.

Recent observations of cross—tie walls in films of CoFeSiB seem to provide
an example of Regime II. The proportionality of weress to @~ /2 for this set
of experiments seems to be well established while the dependence on the
thickness is being currently investigated [36].

6.8 Domain branching

In this section, we address thick films with a strong uniaxial perpendicular
anisotropy, i. e.
Q > 1, (6.69)

which favors the out—of-plane magnetizations m = (0,0, £1). It is experi-
mentally well documented and heuristically well understood that this leads
to domains with m =~ (0,0,41), which branch and thus refine towards the
sample edges {x3 = 0,t}, see Figure 22. In this section, we present the
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heuristic arguments, which go back to Lifshitz [84], essentially following
Privorotskii [100] and Hubert [64] (see also [66, 3.7.1]). We also present a
rigorous scaling analysis of the minimal energy [28, 29], which confirms the
heuristics.

Figure 22: Domain branching in a cobalt crystal. Reproduced with permis-
sion from Hubert and Schéafer, Magnetic Domains, Springer 1998

To fix ideas, we impose some period w in the in—plane variables, i. e.

m(xy +w,x9,23) = m(x, 22 +w,x3) = m(x1,x2,23),

and consider the energy per area w?:

E(m) = d2/ yvm|2d:c+/ \Vu|? dz+Q im/|? da.
(0,w)2x(0,t) (0,w)2 xR (0,w)2x(0,t)

In domains of infinite thickness, the uniform magnetizations m = (0,0, 1)
and m = (0,0, —1) are the ground states since all energy contributions van-
ish. In films of a finite thickness, the magnetostatic and the anisotropy con-
tributions to the energy compete: The magnetization favored by anisotropy
generates surface charges ms. But the penalization of surface charges is
“soft”: Alternating domains with m = (0,0,1) and m = (0,0, —1) (bubble
domains) reduce the magnetostatic energy, see Figure 23 for a sketch of the
mesoscopic magnetization. This reduction is significant for domain widths
£ smaller than the thickness, i. e.

¢ <t (6.70)
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since charge cancellations occur over the distance £. A dimensional argument
yields that the magnetostatic energy scales as

w2 x magnetostatic contribution ~ ¢. (6.71)

On the other hand, these domains require walls. We obviously have

w2 x wall area ~ (7't (6.72)

Figure 23: Bubble domains

In order to assess the total wall energy, we need the specific wall energy.
For sufficiently thick films, the wall type is that of infinite films: the bulk
Bloch wall. It is of the form:

m = m(z1), m = (0,mg,ms3), m — (0,0,£1) as z; — oo

and thus does not generate volume charges. Hence, the bulk Bloch wall is
stabilized by a balance of exchange and anisotropy energy. The optimal wall
profile and the specific wall energy is therefore found by minimizing

dm
Eldbulk(m) = d2/]d—|2d:€1+Q/]m'[2dm1
R @T1 R

1 dm3
= 2 —\24d /1— 2) dxy.(6.73
L CEtdn +Q [ (1 md) der. 673

Hence the wall profile is given by mg(z1) = tanh —H-— with wall width
WpuikBloch and wall energy per area defined by

WhutkBloch = Q Y2d,  Eyurpiocn = 4QY%d, (6.74)
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see also Section 7.2.

(From (6.72) and (6.74) we now deduce
w2 x wall contribution ~ QY2d¢'t. (6.75)

Optimizing the sum of (6.71) and (6.75) in £ yields the domain width Cpyppie
and total energy in the regime (6.70):

Cpapie ~ QYA 2w Bye ~ QY d2 2, (6.76)

This is self—consistent as long as t > Lpuppie > WhuikBioch, Which in view of
(6.74) and (6.76) translates into

t > QY%d. (6.77)

But precisely in this regime one can do better! Indeed, the magnetostatic
energy favors a small domain width ¢ at the surfaces, whereas the wall energy
favors a large domain width ¢ in the bulk. This suggests that the typical
domain width ¢ should be larger in the bulk than at the surfaces:

t > Ebulk > gsurface 2> WpulkBloch- (678)

This refinement can be achieved by domain branching, see Figure 24 for a
schematic representation of the experimentally observed mesoscopic mag-
netization. For appropriate refinement, £, appears in the wall energy

contribution (6.75) but lgy, fece in the surface magnetostatic contribution
(6.71):

w™2 x wall contribution ~ Q1/2 dgb_ullk L

(6.79)
w™2 x surface magnetostatic contribution ~ Cour face-

However, the mesoscopic structure in Figure 24 is not charge—free in the
interior, as indicated in Figure 25. In the regime (6.78), each discontinuity of
the mesoscopic pattern carries a surface charge density scaling as £yt~ <
1. Hence the strength of the demagnetizing field scales as £yt~ " so that

w™? x bulk magnetostatic contribution ~ ¢2 ,, ¢t !. (6.80)
The minimization of the sum of (6.79) and (6.80) in £y, yields

Cpatry ~ QY6 dM3 423, (6.81)
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Figure 24: Schematic domain branching

This is consistent with the first condition in (6.78) provided (6.77) is satis-
fied. We think of the surface width fg,fqce to be (at least) so small that
the surface magnetostatic contribution is dominated by the bulk magne-
tostatic contribution. In view of (6.79), (6.80) and (6.81) this means that
Lour face K QY/3d?/3t1/3. Notice that in regime (6.77) this necessarily implies
Cour face <K Whylk, the second assumption in (6.78), which thus is consistent.
Finally, the third assumption in (6.78) is ensured by (6.69) & (6.77). Hence,
we have

'LU_2 Ebranch ~ Ql/g d2/3 tl/gv (682)

which beats (6.76) in regime (6.77).

-Vu

Figure 25: Charges in the bulk

The energy scaling (6.82) has been made rigorous:

Theorem 6.6 ([28, 29]) In the regime (6.69) & (6.77) we have

w2 min E(m) ~ QY3 d?/3 /3, (6.83)
provided w > Q6 d'/3 ¢2/3,
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The last condition just ensures that the artificially imposed period w
leaves enough room for the bulk domains of width £, given by the heuristic
discussion, cf. (6.81). Actually, [28, 29] considers a slightly simplified model
of E where the exchange energy has been replaced by a term which mimics
the wall energy. The analysis in [28, 29] is motivated by the work in [76, 77]
on a mathematically similar model for twin branching of martensite near
a martensite—austenite interface. A finer analysis of this two-dimensional
model, which captures the anisotropic self—similarity of the branched struc-
ture near the surface was carried out by Conti [30].

We sketch the argument for the lower bound, which is surprisingly ele-
mentary given the complexity of the pattern. At first, one uses the strong
crystalline anisotropy to single out the mg—component:

1
Q2 d / Vmg|dz < = E(m), (6.84)
(Owyxmt) 2
/ K\ Fma)Pdk S E(m). (6.85)
(7)2xR k|

Inequality (6.84) follows from the standard Modica—Mortola argument, cf.
(10.8), i. e

2@1/2d/ |Vms| dz
(0,w)2x(0,t)

1
< d?/ [V i+ Q (1 - m3) da,
(0,w)2x(0,t) ms (0,w)2%(0,t)

and the second identity of (6.73). The approximate inequality (6.85) follows
from a triangle inequality in Fourier space

1/2
2
( /( . W F(ms)| dk)
1/2 1/2
< 2 AYP )
N (/(Q’TZ 2R ’k|2 - F(m) dk) i </(%Z)QXR 7 (m)| dk)

Notice that the right-hand side is ([ |Vul|? dz)'/2 4 ([ |m/[?> dz)'/?, so that
(6.85) follows from (6.69).
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The next step is to factorize in x3 the left-hand side of (6.84) and (6.85):

t
/ (de/ |V’m3]dx')dx3 Q1/2d/ Vimgs|dz,
0 (0,w)? (0,w)2x(0,t)
(6.86)

t 2
1 / 2 / / kg 2
P IENID) dk’)d < 2 3 dk.
/o </<%*Z>2 T el o < zzyce TRE T )

(6.87)

IN

Inequality (6.86) is obvious. For inequality (6.87) we remark that since ms
vanishes outside {0 < z3 < t}, the left—hand side of (6.87) is identical to

1/t 1 ) )
—————|F(m3) (K, 23 +t) — F'(m3)(K,x3)|" dk’
2/0 /(2”2)2 1—|—t2|k"]2‘ (m3)(k', z3 ) (m3)( ,xd)‘ dzs

sin?(kat)
_ 2 2
_ 2/<212)sz s [ ma) k.

sinQ(%) t2k§
so that (6.87) follows from TR S ERTEE

Motivated by the heuristic discussion, we introduce a length scale £, <
t and observe that for fixed x5

/ |[F'(m3)|?dk’ < Loutk sup |ms| IV'ms|da!,  (6.88)
{‘kllng_ullk} x’ (0,w)?2
1
' 2 di’ —2 42 / 2 g1t
dk’ 3 4 =t - - dk'.
/{k’l<zb7}zk} sl ~om /(%”Z)z e 7 ms)
(6.89)

The approximate inequality (6.89) is obvious for £y, < t. The ingredient
for (6.88) is identical to (6.60):

K - oz
/2 4sin2< 2“”6) | (m3)[? dk’
(2 z)2

=/ (ms(a’ + 62') — my(a'))? da’ < 2 sup |ms|
(0,w)? !

|62’ - V'mg| dx'.
(0,w)?

This latter inequality has to be averaged over vectors oz’ of length |§z/| <
Cpur to obtain (6.88). We notice that (6.88) & (6.89) amount to a slight
generalization of the interpolation inequality

2/3 1/3
[ e < (swppal [ el ) ([P
(0,w)? z’ (0,w)? (0,w)?
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which holds for an arbitrary function msg.

If we now choose fpy like in the heuristic argument, cf. (6.81), the
estimates (6.84) — (6.89) combine to

t
QL/3 /3 t_2/3/ m% dr — / QL3 d2/3t_2/3/ | () |2 Ak das
(O,w)2><(0,t) 0 (%Z)Z

< E(m).

~

Together with @ f(o w)2x(0,1) im/|>dz < E(m) this yields the desired lower
bound in the regime (6.69) and (6.77).
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7 Pattern formation in micromagnetics: mathe-
matical context

The analysis of magnetization patterns and their complex multiscale struc-
ture has only recently attracted the broader attention of the mathematics
community. There has, however, been a lot of work on related problems
(often motivated by questions in geometry), which capture certain crucial
aspects of the micromagnetics functional. In this section we discuss three
examples: the possible formation of singularities and harmonic maps, the
relation between smooth wall profiles and sharp interface theories (such as
domain theory), and the role of topological singularities in soft magnetic
films.

7.1 Structure of singularities at small scales: Micromagnet-
ics and Harmonic Maps

The different terms in the micromagnetic energy functional

Bm) = & [ [Vl +@ [ o)+ [ (VOP =2 [ Hogom (00

scale differently under a rescaling of the domain. As we already discussed
in Section 3, at small scales the highest order term, namely the exchange
energy, is the dominant. Hence we expect that this term should control
whether singularities (e.g. “Bloch points”) can arise in minimizing magne-
tization patterns and what their typical structure is.

If we focus only on the exchange energy the minimization problem as-
sumes an extremely simple form:

minimize D(m):/]Vm|2 subject to |m| =1 (7.2)
Q

and to suitable boundary conditions. In other words we seek to minimize the
Dirichlet integral D(m) among maps m :  C R® — S2. Every minimizer
m needs to satisfy the condition

d m—+ @

— oD [ ——= ) =0 for all p € C°(Q;R?), 7.3

oD (22 ) =0 forall g € CR(@:RY (7.3

where C§° denotes the space of smooth maps which vanish in a neighbor-
hood of the boundary 9€2. A short calculation shows that this condition is
equivalent to the (weak form of) the Euler-Lagrange equations

—Am = |Vm|*m, (7.4)
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where |Vm|? can be understood as a Lagrange multiplier arising from the
constraint |m|? = 1. Solutions of this equation are called harmonic maps.
We say that a harmonic map is minimizing if D((m + ¢)/|m + ¢|) > D(m)
for all p € C§°(Q;R?).

The study of harmonic maps and their (possible) singularities has been
a central question in geometric analysis for many decades (see [106] for a
recent introduction with many further references). In the following we first
briefly summarize some of the key results and then discuss their extension to
the micromagnetic functional. It turns out that the presence of singularities
depends strongly on the dimension n of the domain 2. For n = 2 Morrey
showed already in 1948 that minimizing harmonic maps must be smooth.
Understanding the situation in higher dimensions was one of the major open
question in geometric analysis in the 1960s and 1970s and the problem was
finally solved by Schoen and Uhlenbeck. We state their result for the special
case n = 3.

Theorem 7.1 ([105]) Let n = 3 and let m be a minimizing harmonic map.
Then there exists a discrete set S (which may be empty) such that m is
smooth in Q\ S.

A set is discrete if it has no accumulation points in €2, in particular it can
contain at most countably many points. If the boundary of the set (2 is
smooth then one can show that m is smooth up to the boundary, with the
exception of at most finitely many points.

Singularities can indeed arise. A typical example is given by the map

x
from the three-dimensional unit ball B3 to its boundary. Indeed, it is easy
to see that mg solves (7.4). To prove that my is actually minimizing is
much more delicate [85, 15]. In the above example the singularity arises for
topological reasons. There is no smooth map from B? to S? which agrees
with mg on the boundary. There are, however, also examples of singularities
in cases were the boundary data are topologically trivial.

The question whether nonminimizing harmonic maps may have singu-
larities remained open even longer. Finally, Hélein [61, 62] showed in 1990
that for n = 2 all solutions of (7.4) (with finite energy D(m)) are smooth.
Shortly afterwards Riviere [102] destroyed all hope for a regularity theory for
(7.4) in higher dimension. For n = 3 he constructed a harmonic map which
is not continuous on any open subset. This led to a new notion of solution,
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which lies in between harmonic maps and minimizing harmonic maps. We
say that a map is stationary if it satisfies (7.4) (or, equivalently, (7.3)) and if
it is also well behaved with respect to variations of the independent variable,
i.e.

d D(mo®;) =0, forall ® =id+tp with o€ CF°(%R?), (7.5)
t=0
where o denotes the composition of maps. For those maps Evans established
a slightly weaker counterpart of the Schoen-Uhlenbeck result.

Theorem 7.2 ([47]) Suppose that n = 3 and that m is a stationary map.
Then there exists a closed subset S such that m is smooth on Q\ S and such
that S has zero one-dimensional Hausdorff measure, H'(S) = 0.

This in particular implies that the singular set cannot contain any segment of
a line or a smooth curve. In contrast to the result of Schoen and Uhlenbeck
the set S here could contain a set of small fractal dimension, e.g. a Cantor
subset of a line segment. No such example is known, however.

Now let us turn to micromagnetics. Carbou [23] showed that the above
results can be extended to the micromagnetic functional E(m), given by
(7.1) (in fact he took H,; = const, but a smooth variable field poses no addi-
tional difficulties). Independently, Hardt and Kinderlehrer [60] analyzed the
regularity property of minimizing micromagnetic maps. The Euler-Lagrange
equation for E(m) is

1
—d’Am + 5V<p(m) — (Hing + Hegt) = (d2|Vm|?* = (Hipg + Hegt) - m)m.
(7.6)

Here H;,q = —Vu and V¢ denotes the gradient of ¢ tangential to S2.
Denoting the left—hand side of (7.6) by H, (the effective magnetic field acting
on ), and writing A for the scalar Lagrange multiplier of m on the right—
hand side, we can rewrite the Euler-Lagrange equation as H(z) = A(z)m(x)
or, equivalently,

H.Am=0 1in{, (7.7)

granting to (7.6) its physical meaning of equilibrium condition for the torques
acting on m.
We say that m is a stationary micromagnetic map if, in addition,

i E(mo®;) forall & =id+tp with ¢ € C°(QR3). (7.8)
t=0
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Finally, we say that m is minimizing if E((m + ¢)/|m + ¢|) > E(m) for all
0 € C° (4 R3).

Theorem 7.3 ([23]) Suppose that Hey is smooth.

(i) If n = 2 then every solution m of the Euler-Lagrange equation (7.6) is
smooth.

(ii) Suppose that n = 3 and that m is a stationary micromagnetic map.
Then there exists a closed set S such that m is smooth in Q\ S and
the one-dimensional Hausdorff measure of S is zero, H*(S) = 0.

(iii) Suppose that n = 3 and m is minimizing. Then there exists a discrete
set S such that m is smooth in Q\ S.

Statement (iii) can be refined. Hardt and Kinderlehrer [60] showed that
minimizers are smooth up to the boundary (if the boundary is sufficiently
smooth) with the exception of a finite set S. Near a singular point a the
magnetization approaches the standard singularity Rﬁ, where R is a
fixed rotation. Moreover, they derive a universal bound on the number
of possible singularities in terms of the applied field, the domain and the
anisotropy function. They also show that singularities can indeed arise for
smooth applied fields, even for globally minimizing maps m. Examples of
concrete physical situations where singularities are expected are reviewed in
[66], Section 3.6.5 (D), pp. 268-271. There, one can also find a discussion
in how far the (continuum) micromagnetic energy can still be used near a
singular point and what modifications of the energy functional might be

needed in the immediate vicinity of a singular point.

7.2 Walls vs. sharp interfaces: Modica-Mortola functionals
and domain theory

The exchange energy plays very different roles at different length scales. At
very small scales (< d) it determines the presence and structure of possible
singularities, as we saw in the previous subsection. At scales comparable to
the Bloch-line width d or the Bloch-wall width dpy = d/+/Q it determines
the inner structure of domain walls. At larger scales the inner structure of
the domain walls is not seen, but it is important to keep track of the fact that
a domain wall carries a certain energy per unit area. This domain wall energy
is crucial in determining patterns at larger scales, as we saw in the discussion
on domain branching in Section 6.8. The description of the magnetization
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pattern in terms of regions of constant magnetizations separated by sharp
interfaces carrying a certain energy per unit area is exactly the content of
domain theory, which is often used as an approximation of micromagnetics.

In this subsection we discuss how domain theory arises as a rigorous limit
of micromagnetics in a specific regime, corresponding in particular to hard
materials ¢ > 1. The idea that a simplified functional, which allows for
sharp domain walls, should lead to the right description of the magnetization
patterns on large scales should be applicable in a much broader regime.
Mathematically, however, this so far remains an open question, and new
tools to capture multiscale behavior might be needed (see e.g. [5]).

The easiest setting to explain the relation between domain walls and
sharp—interface theories is that of hard uniaxial material. Macroscopic sam-
ples of such materials tend to exhibit complex domain patterns, including
very fine magnetic domains. It is not surprising that, historically, the first
attempts to understand pattern formation through the competition among
the various terms of the energy functional (2.17) have involved cases in which
the role of anisotropy is decisive.

Consider, for simplicity, the case Hepr = 0, and let [ be the diameter of
Q). By rescaling €2 to a set w of unit diameter through the change of variables
r +— T = 7 € w, and suitably normalizing the energy functional (7.1) we
obtain

1 1
inglm) ¢ [ [VmP+ 2 [ otm+ o [ wap, r9)
where
d dpw
=i = (7.10)

u(%) = 1U(alc), (7.11)

i&Q(m):é =2 2 (7.12)

For a sample that is large enough compared with the intrinsic length
scale dgw, i.e.

> dBW7 (7.13)

¢ is a small number. It is therefore natural to study . ¢ in the limit € — 0.
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If, in addition, @) is large enough that it makes sense to assume

2
Qe:l<:>Q:<é> :ﬁ>>1 (7.14)

we are naturally led to the study of minimizers of the functional

iclm) = [ 1VmP o+ 2 [ otm)+ [ [vup (7.15)

in the limit € — 0.

Intuitively, as € tends to zero the second summand of (7.15) will force
minimizers of i to assume only values in K, the zero level set of ¢. In
the uniaxial case ICyn; = {£e}. Then, magnetostatic energy will favor non-
uniform, divergence-free patterns (in order to reduce the effect of the charges
m - v at the boundary of w). Since m(z) € {+e}, and since surface discon-
tinuities of m are not allowed by the exchange energy, we expect to see
transition layers joining the two values te in a divergence-free fashion. In
these layers, m(x) ¢ Kypi: their thickness is then decided by the competition
of anisotropy (which favors thin transition regions and thus high gradients
of m) and exchange. This reasoning is precisely the one put forward by
Landau and Lifschitz [83]. At least in the case when (7.13) and (7.14) hold,
a rigorous mathematical justification of this argument is available. This has
been provided in [10], by adapting to the micromagnetic setting an argument
due to Modica and Mortola ([93], [92]).

The essence of the argument is that in the limit ¢ — 0 minimizers of the
functional

e [ 1vmp 42 [ punitm) (7.16)

(possibly subject to suitable boundary conditions or augmented by other
lower order terms such as the magnetostatic energy) develop the structure
outlined above. They take values very close to the set K, except in an
€ neighborhood of certain interfaces. Moreover, in this neighborhood the
profile of the minimizer is essentially one-dimensional, varying mainly in
the direction normal to the interface. Therefore, the effective energy due
to the interface can be determined by solving a one-dimensional optimal
profile problem. Performing a further rescaling of length by ¢ this problem
consists in minimizing

/OO [Vm|? + /OO Puni(m) (7.17)

—0o0 — 00
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among all one—dimensional profiles such that m(s) — +e as s — oo (and
Im| = 1). Using that @yun;(m) = 1— (m-e)? one can solve the corresponding
Euler-Lagrange equation explicitly and one finds that minimizing profiles
correspond to suitably parametrized great circles on S2. The optimal wall
energy turns out to be 4 in this dimensionless formulation. In the physical
domain 2 the typical scale of the wall profile is the Bloch wall width

A
dpw =¢eL = K, (7.18)

and its energy per unit area given by

K, 3¢
4 2 =4/ AK,. (7.19)

If we also consider the magnetostatic energy, then interfaces whose normal v
is perpendicular to e play a special role. A sharp jump from e to —e at such
an interface gives zero contribution to the distributional divergence divm
and hence does not lead to additional magnetostatic energy. If we replace
the sharp jump by a transition profile, then there is a distinguished wall
profile, which is optimal for (7.17) and which is in addition divergence free
— this is exactly the classical Bloch—wall profile, corresponding to the great
circle with m - v = 0.

Anzellotti, Baldo, and Visintin [10] extended the Modica-Mortola ar-
gument to the micromagnetic functional i.. The limit functional ¢y allows
only for magnetizations +e, penalizes the interfacial area between these two
states by the Bloch wall energy and includes the magnetostatic energy of the
magnetization pattern. This is the essence of domain theory, which is often
considered as a useful, though only approximately valid, strategy to predict
domain patterns. The following proposition shows that domain theory can
be deduced from micromagnetics as a suitable limit theory, at least in the
case that (7.13) and (7.14) hold.

Proposition 7.4 Ase — 0, the functional i, T'-converges in L' to

[ 4Perg{m(z) = +e} + [ps |[Vul* if m € BV(Q) and m(z) = e,
0= 400 else,

where Perq{m(x) = +e} measures the area of the interface between the
region magnetized according to +e and that magnetized according to —e.

Remark 7.5 In the result above, BV () denotes the space of functions with
bounded variation (see e.g. [57, 48, 9]). For a function in this space, which
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in addition only takes the values +e and —e, the interface between the regions
where each of the two values is taken has finite area (in a suitably generalized
sense). As outlined above and argued in more detail in Section 10, the es-
sential part of the result is that, in the limit € — 0, exchange and anisotropy
combine to define the energy per unit area of a domain wall. The additional
term ng |Vu|? is a continuous perturbation and it is simply reproduced in
the limit (see Proposition 10.4 below and note that L' and L? convergence
are equivalent since |m| = 1). By the same reasoning, the argument can be
extended to cover the presence of an applied field. There is also an extension
to more complex anisotropy energies, such as those appropriate for materials
with cubic symmetry.

The essence of domain theory is the elimination of a length scale (the
thickness of domain walls), through the replacement of a transition layer
with a sharp interface carrying the same energy. This scheme has a great ap-
peal, and it should have a range of applicability much wider than the rather
restrictive material parameter regime encoded in (7.13), (7.14). Clearly, it is
essential that all dimensions of the sample should be large compared to dgw,
and that the material be sufficiently hard. But it should be possible to relax
the assumption ) > 1, at the cost of having to overcome some technical
difficulties. Nevertheless, the result above is important in that it demon-
strates the possibility to derive domain theory as a rigorous consequence of
micromagnetics.

For soft materials, i.e. @ < 1, (7.14) certainly fails. In these cases, we
cannot rely on ¢ to simplify the structure of the problem by allowing only
finitely many values of m to compete for a low energy state. In addition,
for samples which are small in some dimension (thin films), the calculation
proving that the optimal transition layer has the one-dimensional structure
of a Bloch wall is no longer justified. In fact, the structure of walls in confined
geometries is much richer, but also much more complex, see Section 6 above,
[66] and Kléman’s review [73] on soft ferromagnetic materials.

7.3 The role of topology: soft films and Ginzburg-Landau
vortices

For a very soft ferromagnetic material, () < 1, and in the absence of the
aligning action of an applied magnetic field, pattern formation is controlled
by the competition of magnetostatic and exchange energy. Minimization of
the former promotes divergence-free magnetization patterns and, in partic-
ular, configurations that are everywhere tangential to the boundary of the
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sample. In a thin film Q, with cross-section 2’ perpendicular to the coor-
dinate axis z3, and neglecting variations of m along the thickness direction
(which are strongly disfavored by the exchange energy) this requires mg = 0,
and that the in-plane component m’ be tangential to the lateral boundary
(see Section 4.1 and Table 3 for a more quantitative discussion).

We are thus led to consider a two—dimensional unit vector field, defined
on the cross-section of the film, and everywhere tangential to its boundary.
There are, however, no continuous vector fields of this type, and there is no
such field with finite exchange energy. In fact, the way the system beats
this topological obstruction is by creating a localized region, called a Bloch
line, where the magnetization becomes perpendicular to the plane of the
cross-section (escape in the third dimension). The section of a Bloch line
with the plane of the cross-section is a vortex. Its core size is decided
by the competition between magnetostatics (penalizing the surface charges
associated with mg # 0, hence favoring a core as narrow as possible) and
exchange (which clearly favors a core as spread out as possible).

For a film of thickness ¢t and circular cross section of radius [, assume
that the core of a Bloch line is a cylinder 2, = /. x (0, ¢) of radius r, coaxial
with the sample ; = Q x (0,¢). For thin films, it is safe to assume that
the magnetization is constant along the thickness direction. The exchange
contribution to the energy can be rougly estimated as

Eea:ch = d2 (/ Wm|2 +/ ’vm|2>
QZ\Q’V‘ Qr

~ 2rd*tIn <£> + wd?t
'

I
~ 2rd’tIn (—) )
T

The magnetostatic contribution to the energy can be estimated through its
leading order term

Eopsa =t m% = 7rt.
Q,

Optimizing Feycn + Emst with respect to r shows that the competition be-
tween exchange and magnetostatic energies results in Bloch lines of charac-

teristic width dgr, = d, where
1
AN\ 2
= (= 2
(i) (720
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each carrying a characteristic energy of order

d*t1n (é) : (7.21)

where t is the film thickness, and [ is the diameter of the cross-section. Since
in typical applications d < [, one is confronted with the problem of studying
vortices whose energy (after scaling by d?t) diverges while their size (relative
to that of the sample) tends to zero.

Vortex structures of the type just described are common in other physi-
cal systems which have been described using mathematical tools similar to
the ones suitable for micromagnetics. Problems associated with topological
obstructions are of great mathematical interest, and have received consider-
able attention in the recent literature. A very well studied example is that
of the so called ‘Ginzburg-Landau vortices’, see e.g. [13, 109, 110]. In two
dimensions, this is the problem of minimizing an energy of the type

1
/ ]Vm|2 + 6—2/ (|m[2 — 1)2
Qf 9%

among vector fields in the space
{me HY(Y) :m =mg on o'}

in the limit € — 0. Here my is a prescribed vector field which has unit length
on 9.

It is worth emphasizing a key difference between this problem, in which
vector fields would be constrained to be tangential to 9Q' by a (hard) bound-
ary condition, with the case of soft magnetic films, where only an energetic
penalty against non-tangential vector fields is in action. This results in an
interesting qualitative difference for the solutions of the corresponding mini-
mization problems. While Ginzburg-Landau vortices can only appear in the
interior of €, in the case of soft magnetic films vortices at the boundary of
w’ will appear in certain material parameter regimes (see [94, 95, 81] and
Section 4.2).
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8 Beyond low energy states

8.1 Magnetization reversal in soft films

Hysteresis means that an experimentally observed magnetization depends
on the history of the external field. For an external field which varies at a
sufficiently slow pace in time, we may think of the observed magnetization
as a local minimizer of the micromagnetic energy at any moment. Hence,
hysteresis can be related to a complex energy landscape with several local
minima whose energy might be far from the global minimum. This com-
plex energy landscape is probed by the external field. In fact, the Stoner—
Wohlfarth astroid visualizes this point of view in a very special situation. It
is based on the assumption that the sample is so small that the magnetiza-
tion is spatially uniform at any moment, cf. Proposition 3.1. For somewhat
larger samples, this is no longer true even if the remanent states (the local
minimizers at zero external field) are almost uniform. This was recently
brought to the point in [97] for an ellipsoid of revolution.

For sufficiently strong external fields, the magnetization essentially sat-
urates in (the fixed) direction of the external field. A further increase in the
external field strength will not affect the magnetization much. This defines
the saturation branch, parametrized by the field strength. Imagine moving
down the saturation branch by slowly decreasing the external field strength.
Typically, one eventually encounters an instability. This event is termed
nucleation and is at the onset of switching, but is not necessarily connected
with an irreversible event. Nucleation has been theoretically and numer-
ically investigated for some time, we shall mention some of the pertinent
work below.

In this section, we report on a series of mathematical papers [20, 21, 22]
on nucleation in elongated thin—film elements. This work is motivated by
the ubiquitous concertina pattern in elongated soft thin—film elements, see
Figure 26. The concertina pattern is the quasiperiodic pattern which can
be seen in the middle of the cross—section; it is framed by two Landau
states. Figure 27 gives a sketch of the corresponding domain pattern with
charge—free walls. The concertina pattern is experimentally generated in
the following way: First, the element is saturated along the long axis, then
the external field is slowly reduced, and eventually reversed. For some field
strength, the uniform magnetization buckles into the concertina pattern.

Let us give a short summary of this section. In Subsection 8.1.2, we
present [20], which proves that there are exactly four regimes of instability

86



in elongated thin—film elements. These regimes are identified in terms of
the scaling of the critical field. To our knowledge, the oscillatory buckling
regime (Regime III) has not been reported in the physics literature. In
Subsection 8.1.3, we present [21], which focuses on Regime III and identifies
the asymptotic form of the unstable mode by I'-convergence of the Hessian.
In Subsection 8.1.4, we present [22], which identifies the type of bifurcation
in Regime III by I'-convergence of a nonlinearly renormalized energy.

Figure 26: Concertina pattern in a Permalloy film, thickness ¢ = 300nm,
width ¢ = 18um. Reproduced with permission from Hubert and Schéfer,
Magnetic Domains, Springer 1998

Figure 27: Domains in the concertina pattern of Fig. 26

8.1.1 The setting

An idealized geometry

Motivated by the concertina pattern we consider the following idealized
sample geometry

Q = Rx(0,¢) x(0,t) with £>t,

see Figure 28. The reasons for this choice are:
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e () mimics an elongated thin—film element of thickness ¢ and width £.
In Section 8.1.4, a finite periodicity L in direction x; will be imposed.

e Due to the translation invariance in x1, Q admits m* = (1,0,0) as a
stationary point for all external fields of the form Heyy = (—hegt, 0,0),
hezxt € R (note the change of sign), and for an easy axis in direction
of 1 or perpendicular to z;. In fact, we shall neglect crystalline
anisotropy altogether without much loss of generality.

X2 f I_Lxl

Figure 28: The geometry

X3

The Hessian

The local stability of the stationary point m* = (1,0, 0) is described by
the second variation of the energy FE, its Hessian. Owing to the constraint
/m|? = 1, infinitesimal perturbations of m* = (1,0, 0) are of the form

dm = (0,0me,0ms), om = dm(xq,x2,x3).

The Hessian HessE(m*) in m* is given by
T HessE(m*)(6m,ém) = %HessEO(m*)(ém, om) — hea:t/Q |om|* dz, (8.1)
where HessE?(m*) denotes the Hessian without Zeeman term, i. e.
L HessE® (m*)(6m, om) = d2/Q IV om|? dx + /]R3 |Vsm|? d,
and the magnetostatic potential ug,, is determined by ém in the usual way.

Variational characterization of critical field and unstable modes

The critical field heyi is the value of heyy for which HessE(m*) ceases to
be positive definite. The unstable modes are the elements of the degenerate
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subspace of HessE(m*) at heyt = herie. The following variational charac-
terization of both can be inferred from (8.1): hepe and the (normalized)
unstable modes are the minimum and the minimizers, respectively, of the
variational problem

%HessEo(m*)(ém, om) subject to /Q](SmIQ de = 1. (8.2)

It is natural to capitalize on the translation invariance of (8.2) in x; by
a partial Fourier transform in that variable. More precisely, the Hessian
Hess E°(m*)(-, ) factorizes into {HessE°(m*)(k1, -, ") }r, er, where

%HessEo(m*)(kl, dm, dm)

= d2/( (00 (k‘% |(5m|2 + ’82 5m|2 + |33 5m[2) dxodxs
0,£)x(0,t

+/ (K3 [ugm|? + |02 usm|* + |05 usm|*) dwodas, (8.3)
RQ

k1 denotes the dual variable to x; and dm = dm(z2,x3). Hence, we replace
the variational problem (8.2) in dm(x1, 22, x3) by the variational problem in
om(zxe,x3) and ki of minimizing

THessE®(m*)(k1, 6m, 6m) subject to / |om|? daodzs = 1.
(0,6)x(0,t)
(8.4)

Notice that unstable modes can also be seen as the ground states for the
operator

)
Lom = —d*ANeumann™ — ( a§>uém. (8.5)

A complete explicit diagonalization beyond the obvious factorization (8.3)
of £ seems not at hand. Indeed, the contribution from the exchange energy
is diagonal with respect to cosine series in (x9,x3) whereas the contribu-
tion from the magnetostatic energy is diagonal with respect to the Fourier
transform in (x9,x3). This lack of compatibility reflects the fact that the
exchange energy is confined to the sample but the energy of the stray field
extends into the ambient space.

Different types of models and modes

Following [1] we distinguish between “models” and “modes”. A model
is a special ansatz for an infinitesimal perturbation ém. In view of (8.2), it
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gives an upper bound for h.i. A mode is an eigenfunction of (8.5) — but
only the eigenfunction corresponding to the smallest eigenvalue yields hpit
and the degenerate subspace.

We now discuss the physics literature. There, besides infinite prisms like
our 2, ellipsoids have been considered, since they also allow for constant
stationary states m*. Brown [16] found two modes for ellipsoids of rotation:
The first mode corresponds to a coherent rotation, the second mode cor-
responds to a curling of the magnetization. The characterizing feature of
the curling mode is the complete absence of a stray field, i.e., no surface or
volume charges are generated by this mode. Brown also found that for suf-
ficiently small samples (w.r.t. d), the coherent mode has a lower eigenvalue
than the curling mode.

In [51], three models are compared for an infinite circular cylinder: Co-
herent rotation, Brown’s curling mode and a model for buckling. It is found
that only in a small size range the buckling model beats the two modes.
In [3], the infinite cylinder is investigated more systematically: Cylindri-
cal coordinates (z1,7,¢) reduce (8.5) to a one-dimensional problem in r
parametrized by (k1,n) € Z x R. The case n = 0 is treated completely, the
lowest eigenvalue occurs for k; = 0 and corresponds to the curling mode.
By a lower bound estimate, the cases n > 2 are discarded for nucleation.
The case n = 1 is treated numerically, the buckling model of [51] is found
to be close to an actual mode.

In [2], an infinite prism with rectangular cross—section is considered. This
is the geometry considered here, but in [2], no consideration was given to
extreme aspect ratios of the rectangular cross—section, i. e. t < . Guided
by [3], modes and models which vary in the infinite direction 1 are ignored.
Upper and lower bounds for h.;+ are given.

Based on these works, Aharoni [1, p. 202] emphatically rules out any
other type of unstable mode besides coherent rotation, buckling and curling.
Moreover, he claims that the buckling mode only plays a minor role [1, pp.
200-202]. We now report on [20], where it is shown that there are exactly
four different regimes. As we shall discuss, two of these regimes (Regime II
and Regime III) are buckling regimes, one of which (Regime III) covers a
wide range in parameter space of thin films. Aharoni’s analysis misses this
regime since, implicitly guided by ¢ ~ £, it discards modes which vary in the
infinite direction x1.
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8.1.2 Identification of four scaling regimes

[20] is a rigorous analysis of the scaling of the critical field her. By di-
mensional analysis, h..;; is a function of the non—dimensional parameters
t/d,0/d:

herit: = herie(t/d, £/d). (8.6)

[20] identifies all regimes for the scaling of this function.

Theorem 8.1 Fort </

() for t < Lt (%) Regime I
(B for Tl <t<? Regime IT
hcm't ~
(Z—%)Q/ ° for C <t < (do)? Regime IIT
(%)2 for (do)t/? <t Regime IV
(8.7)

As in previous sections, the notation A ~ B means that there exists a
universal constant C < oo with %A < B < CA. Theorem 8.1 can best
be visualized in terms of a phase diagram for (8.6) in parameter space, see
Figure 29.

It is instructive to confront Theorem 8.1 with Theorem 5.1. The reduced
convexified model of Theorem 5.1 implicitly treats the reduced critical field
%hmt as being zero. Theorem 8.1 shows that %hmt < 1 is indeed true in
the interior of Regimes III and IV which, up to a logarithm, coincide with
the regime considered in Theorem 5.1. We notice that Regime III is broad
in the sense that it spans a range of film thicknesses ¢t which includes both

basic types of walls discussed in Subsection 6.2, cf. Theorem 6.1.

Theorem 8.1 is proved by establishing upper and lower bounds on (8.4),
which match in terms of scaling. The upper bounds stem from physically
motivated models. The main contribution of a mathematically minded anal-
ysis is to show that these models can not be substantially improved, i.e. in
terms of scaling. This is done by providing ansatz—free lower bounds, which
rely on suitable interpolation inequalities. In this sense the analysis of [20]
is half-way between proposing (new) models and identifying ground-state
modes.

Heuristic interpretation
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Figure 29: Phase diagram for h,.;:(t/d,¢/d)

We now interpret Theorem 8.1. This is done by a discussion of the
models which lead to the (optimal) upper bounds for (8.2). We go through
the four regimes in the order of increasing thickness ¢ (hence from Regime
I to Regime IV). The models are determined by a competition between the
exchange energy and the magnetostatic energy. With increasing sample
size the magnetostatic energy increases in relative importance: Regime I is
completely dominated by exchange, Regime IV entirely by magnetostatics.
The relative importance of surface charges and volume charges (which are at
the origin of the magnetostatic energy) depends on size too: With increasing
thickness the volume charges become more important. An interesting feature
is dimensional reduction: The model in Regime I is constant, in Regime 11
it depends on x3, in Regime III it depends on z; and x2, whereas in Regime
IV it depends on x5 and z3.

Regime I: Coherent rotation

This regime is driven by the avoidance of an exchange contribution. The
exchange energy favors a spatially constant perturbation. But the coherent
rotation necessarily creates a non-tangential magnetization at the sample
edges 012, which is penalized by magnetostatics. A coherent rotation in the
film plane (the x1, xo—plane) only creates surface charges at the small lateral
edges R x {0,¢} x (0,t). Hence the model is of the form:

dmy = (0t)"Y2, Sms = 0,

where the constant (£)~'/2 is chosen such that the constraint in (8.4) is
satisfied. The corresponding finite perturbation is sketched in Figure 30.
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Figure 30: Coherent rotation

1

Let us comment on the scaling of h..;+. The only contribution to HessEO(m*)

comes from the surface charges. The surface charge at the two lateral edges
R x {0} x (0,t) and R x {£} x (0,t) has density (¢t)~'/2 and —(¢t)~/2,
respectively. On length scales larger than ¢, the surface charge behaves like
a line charge on R x {0} x {0} and R x {¢} x {0} with density ¢~1/2t!/2
and —¢~1/2¢1/2, respectively. Hence the magnetostatic contribution per unit
length in x; scales as

In

/ ’VU5m|2 dedl‘g ~ (]ng) (g_l/2tl/2)2 _
R2 t

|-
S

The argument of the logarithm is % since t is the small scale cut—off and ¢

is the large scale cut—off. This yields the scaling of h¢p..
Regime II: Nonoscillatory buckling

This regime is driven by the avoidance of surface charges: The magneto-
static influence is already strong enough to suppress any normal component
at 0. The exchange energy is still strong enough to suppress variations in
x1- and xs3-directions. The chosen model is

dmy = \/§(£t)_1/251n (%) and dms = 0. (8.8)

Figure 31 shows the corresponding finite perturbation, which displays “Edge—
pinning”.

Let us again comment on the scaling of h..;+. Surface charges are com-
pletely suppressed, but there are volume charges:

—V.-ém = —0rydmy = —\/QWE_?’/QFI/QCOS(%).
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Figure 31: Nonoscillatory buckling

We assess their contribution: The volume charge density in R x (0,¢) x (0, t)
scales as £~3/2¢71/2_ For t < ¢, these charges behave like surface charges on
R x (0,£) x {0} with a density scaling as £=3/2t!/2. The energy of a surface
charge on R x (0,¢) x {0} with unit density would scale as ¢? (always per
unit length in x1). Hence we obtain for the magnetostatic contribution

/ (Vusm|* deads ~ €2 (87207%2)? =
R2

|

On the other hand, the exchange contribution scales as

2
d2/ \Vom|? daodas ~ (‘—l> .
(0,0)x (0,t) ¢

Hence in Regime II (i. e. ¢t < %), the magnetostatic contribution is domi-
nated by the exchange contribution which sets hAcpj;.

Regime III: Oscillatory buckling

This regime is driven by the competition of volume charges and exchange
energy. As in Regime II, surface charges are suppressed at the expense of the
exchange energy, which generates volume charges. As opposed to Regime II,
volume charges do matter. Volume charges can be reduced by modulating
the ansatz (8.8) in the x;—direction by choosing a non-zero k; in (8.4), see
Figure 32. If the period w = % of this modulation is much smaller than
£, volume charges cancel over a length scale of w instead of ¢, cf. Figure 32.
We choose the following model:

27ml) sin(%) and dmg = 0. (8.9)

Sma = 2(0t)"/% cos(
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Figure 32: Oscillatory buckling

We now address the scaling of w and he.;;. Provided w < ¢, the domi-
nant part of the exchange energy comes from

2rx T
_ -1/2, -1 _: 1 . 2
O10me 4 (0t)” 2w sin ( ” ) sin (—E ) .

Thus the exchange contribution scales as

2
d2/ \Vém|? daeodrs ~ <ﬁ> : (8.10)
(0,0)x(0,t) w

The volume charge density in R x (0,¢) x (0,t) is of the form
2
—V-0m = —8y0my = —2m 732712 cos <ﬂ> cos (ﬁ) )
w l
Provided w > t, this behaves like a surface charge density on R x (0, ¢) x {0}

of the form )
—3/241/2 1 T2
2w 0005t cos( " > cos( 7 ) . (8.11)

To leading order in w < ¢, the magnetostatic potential us,, generated by
this surface charge density is of the form

1 2 2
Usm ~ = 0732412y cos T2 cos (@) exp | — | . (8.12)
2 w l w

Hence the magnetostatic contribution, which can be computed as the in-
tegral of the product of (8.11) and (8.12) over R x (0,¢) x {0}, scales as
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follows:
tw

/2 |Vtsm|? deodrs ~ R (8.13)
R

We see that the sum of exchange contribution (8.10) and magnetostatic
contribution (8.13) is minimized for

22\ 1/3
w o~ <¥> . (8.14)

For this choice we indeed obtain h..; ~ (%)2/ % Notice that the consistency

condition ¢t < w < £ precisely turns into the conditions which define Regime
111

The hypothesis that the experimentally observed period weg, of the con-
certina pattern is the frozen—in length scale w (8.14) of the unstable mode
at critical field is tempting. For a quantitative comparison we need a more
quantitative version of (8.14). It will be provided in Subsection 8.1.3.

Regime IV: Curling

This regime is driven by the avoidance of both surface and volume
charges. Hence the model dm should be tangential to 02 and divergence—
free in 2. We make the following choice:

omy = 2(0t)~1/2 sin(*72) cos(* %), 6m3 = Q(Et)_l/Q% cos(772) sin(%52)
(8.15)
The resulting finite perturbations are helicoidal in nature, see Figure 33.

X3 X3
N
t f< g >$ t
Ry
I *2 I %2
herit ~ (%)2 Charge-free

Figure 33: Curling

The scaling of h..;; is easy to explain: There is no contribution from the
magnetostatic energy. In the exchange energy, the contribution from 93 dms
is dominant and scales as (d/t)?, which yields the scaling of hep;;.
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8.1.3 Asymptotic identification of the unstable mode in Regime
111

Theorem 8.1 identifies all scaling regimes by determining the scaling of Ay,
but it does not determine the degenerate subspace. We now present a result
from [21] which rigorously identifies the asymptotic degenerate subspace in
the new Regime ITI. As we shall see, it confirms the heuristic ansatz (8.9)
from above.

The scaling

The approach of [21] is to identify the asymptotic minimizers (ki,0mea(x2, z3),
dmg(x2,z3)) by characterizing the I'-limit of (8.4). For the notion of I'-limit,
see Section 10. This requires a nondimensionalization. (8.14) suggests to
measure length anisotropically in the following units

d2£2 1/3
T = (T) T1, wp = Ldy, m3 = tiy, (8.16)

with the implicit understanding that this also means k; = (#)1/ 3 ki, 0y =
6_1(92, dxe = ¢ dzs and so on. In view of the constraint in (8.4) we rescale
the infinitesimal perturbation as follows

sm = (£t)~2ém.
In view of Theorem 8.1 and hepj = %mm HessE", the Hessian itself has to

be rescaled as

—

HessE? = <€_2> HessEO.

We finally introduce the two nondimensional parameters

42\ /3 2\ 2/3
€ = (E) and § := <@> , (8.17)

which characterize Regime III:

e <1 and 0 < 1. (8.18)

The result
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Theorem 8.2 The variational problem of minimizing

%H@O(m*)(kzl,ém,csm) subject to / |om|? dzodzs = 1
(0,6)x(0,t)
(8.19)
['—converges in the regime (8.18) under weak convergence of (ki,dmsy, dms)
in R x L2((0,1) x (0,1))? to the variational problem of minimizing

o 1 IR 1
k‘%/ (6ma)? ditg + — / (Do 6mp)? dig  subject to / |oma|? diy = 1
0 21k1] Jo 0
(8.20)

if (6meg, 6ms) is of the form (6my(#2),0) with dmy € HL((0,1)), and +oo if
this is not the case.

Since (8.20) can be solved explicitly, one obtains in the original variables:

Corollary 8.3 Let heriy and (ky1,0mg,dms) be the minimum and a mini-
mizer of (8.4), respectively. In the regime (8.18), we have

2\ 2/3
(%) herit =~ 3(%)4/3, (8.21)
a2\ 3 T
<T> kel =~ ()72, (8.22)

1

2
— ‘5m(wz,$3)—\/ﬁ(sin(ﬂxg/ﬁ),()) drodrs < 1. (8.23)
tl J0,0x(0,)

JFrom (8.22) and (8.23) we infer that the unstable subspace asymptot-
ically consists of all perturbations dm which are indeed of the form (8.9),
where the period w = % of oscillation in the infinite direction x; is asymp-

totically given by
d2 £2 1/3

which specifies (8.14).

We return to the hypothesis that the observed period wey, of the con-
certina pattern is the frozen-in length scale (8.24) of the unstable mode.
We have compared wegp, to w for eight experiments pictured in [66]. These
experiments cover a substantial range of the non—dimensional parameters
t/d and ¢/d, see Table 5. We find a deviation by a factor 0.5 — 0.7, which
warrants closer investigation in the future.
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Wegp | Wtheo | Wtheo

ISHEC
IS
ISH
ISH

Wezp

8 | 4000 | 1200 586 | 0.49
48 | 8000 | 700 o012 | 0.73
60 | 3600 | 540 279 | 0.52
10 | 2000 | 500 347 | 0.69

8| 2800 | 800 462 | 0.56

8 | 7000 | 1700 851 | 0.50

Table 5: Comparison of predictions and observations of the period of the
concertina pattern

The somewhat bold hypothesis that the period of the concertina pattern
is the frozen—in length scale of the unstable mode could be easily falsified by
a weakly nonlinear analysis: If the phase transition at h..; is of first order
(i.e. discontinuous), there is little reason why the unstable mode at hepi
should have an influence on the state for heyr > herie. If however the phase
transition is of second order (i.e. continuous) this seems more plausible. In
the next subsection we shall argue that the phase transition is indeed of
second order.

8.1.4 Asymptotic identification of the type of bifurcation

In this section we present [22], in which the type of bifurcation is identi-
fied. The factorization (8.3) shows that the unboundedness of the sample
in x1—direction gives rise to a continuous spectrum with a bottom h..;; not
separated by a spectral gap. In order to avoid the well-known subtleties
related to such a situation without destroying the translation invariance in
x1, [22] imposes a convenient finite periodicity L in this direction:

m(x1 + L,zo,x3) = m(x1,x9,23).

This also has the advantage of admitting a well-defined energy functional
E (energy over the length of one period):

E(m) = d2/ ]Vm|2dx+/ Vi, | d
(0,)%(0,6)x (0,t) (0,L)xR?

+2hen / my dz, (8.25)
(0,L)x(0,6)x(0,t)
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where u,, inherits the periodicity of m in ;. We think of the period L as
being large compared with the intrinsic w, cf. (8.24).

On a coarse level, one distinguishes between a subcritical, a transcritical
and a supercritical bifurcation, see Figure 34 for a sketch. In the subcrit-
ical case, there are no local minima close to m* for heyr > herie. In the
transcritical and supercritical case, there are local minima close to m* for
hext > herie. But, only in the supercritical case, these local minima are
“shielded” from much lower energy levels further away (we think for in-
stance of m = (—1,0,0)) by an energy barrier in the following sense: There
exists an open ball B around m* in m—space such that

inf{ E(m)|m € B} < inf{ E(m)|m € 0B}

(8.26)
for hey: sufficiently close to hepg.

Hence the supercritical type can be assimilated to a second—order phase
transition whereas the two other types correspond to a first—order phase
transition: For the supercritical type, both for conservative and dissipative
dynamics, the system will stay close to m* for a while as hey: increases
beyond hit, provided that the initial kinetic energy was sufficiently small.
For the subcritical and the transcritical type, m will suddenly move far
away from m*, at least generically. In this sense, the supercritical type is
less dependent on the specific dynamics than the two other types.

The traditional approach to find the type of bifurcation is to expand F,
restricted to the degenerate subspace of HessE(m*) at the critical field, in
terms of m — m* and hegt — hepie. If there is a cubic term in m — m™*, the
bifurcation is transcritical. If there is no cubic term but a non—degenerate
quartic term, the bifurcation is super— or subcritical depending on whether
the quartic term is positive or negative definite.

/}\1\‘ /‘/\ /[J L#LP@P
[ v -

Figure 34: Sub-, trans, and supercritical bifurcation
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The traditional approach seems rather delicate for our multiscale envi-
ronment where one has to combine the asymptotic expansion in m —m* with
the asymptotics of Regime III. [22] argues that the bifurcation is supercriti-
cal by directly establishing a quantitative version of (8.26), cf. Corollary 8.6.
This is done in two steps:

e In Theorem 8.4, one zooms in on m* in the energy landscape at the
right scale. The zooming—in is combined with the asymptotic Regime
ITI. Again, this is carried out in the framework of I'-convergence. The
I'-limit only contains quadratic, cubic and quartic terms and can be
seen as a normal form of £ near m* in Regime III.

e In Theorem 8.5 it is shown that the I'-limit is coercive. Roughly
speaking, this means that the I'-limit goes to infinity if the rescaled
m —m”* goes to infinity, provided the rescaled heyt — herit is sufficiently
small.

We view this approach as a coarser, but more robust, way of identifying
the type of bifurcation. It seems better suited to multi—scale variational
problems.

The scaling

Length is nondimensionalized as for Theorem 8.2, i. e. (8.16). The new
element is the rescaling of the (mg, mg)—components of the magnetization.
Notice that for m ~ m* = (1,0,0), (m2, m3) can be seen as the finite version
of the infinitesimal perturbation (dma,dmg). Remark that

mp = \/l-m—m3 ~ 1—1(mj+m3) for m=(1,0,0).
As for Theorem 8.2, we expect that in Regime III, the out—of-plane com-
ponent is strongly suppressed by the penalization of surface charges so that

the above turns into
mp ~ 1— %m% (8.27)

The magnetization component mo will be rescaled in such a way as to bal-
ance the two contributions to the volume charge distribution V - m, i. e.

(8.16),(8.27) O\ 3. 8.16) 1
ohmy ~ — (W) 81(%771%) and 0oy ( = ) ZanQ.

This leads to

(ma,m3z) = €2 (g, 1m3). (8.28)
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The external field is measured in units of the critical field as identified
in Theorem 8.1. As for the energy (8.25) itself, we subtract F(m*) and
normalize appropriately:

at\ 3 . 82\ /3 .
hext - <£—2> hext, E—2hextL£t — (7) E (829)

We are now left with four nondimensional parameters, €, from (8.17) and
also L and ﬁemt. We are interested in Regime III close to critical field. Also,
in view of the remark on the spectral gap, we have to assume that the z;—
period L is not too large with respect to the intrinsic period w of oscillation.
This translates into

L ~1 and hey ~ 1. (8.30)

where according to (8.16), L is defined as

292\ 1/3
L= (ﬂ) i
t
We think of L as being large, so that it does not much affect the unstable
wavelength w = (3277)1/3, cf. (8.24).

The result

Theorem 8.4 Fiz an M ~ 1. The variational problem of minimizing

E  subject to |m|>=1 and / lm —m*[>di = eM?
(0,2)%(0,1)x(0,1)
(8.31)

I'—converges in the regime described by (8.18) & (8.30) under weak conver-
gence for (g, m3) in L2((0,L) x (0,1) x (0,1))? to the variational problem

of minimizing

Ey = / (31m2)2d@’+§/A 161 7Y2( = d1(3m3) + Do) | di’
(OvL)X(Oul) (O,L)XR
—hext / m2di’  subject to / m2dzd = M? (8.32)
(0,L)x(0,1) (0,L)x(0,1)

if (e, m3) is of the form (1he(2'),0) and Ey = +oo if it is not of this form.
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Here |0;|~'/2 denotes the operator with Fourier symbol |k;|=%/2. The
expression —31(%1%%) + 527%2 is to be understood distributionally, where 12
has been extended by zero from R x (0,¢) to R x R. As for Theorem 8.2, this
imposes edge—pinning, i. e. ma(Za=1) = Mma(Z2=0) = 0 in a weak sense.

Let us point out that Eo interpolates between a linear regime and a wall
regime, depending on which of the two terms —51(%77%%) and Oa7hs in the
charge distribution is dominant.

e For dominant dyrig, Ey is close to the I'limit (8.20) of the Hessian
integrated over frequencies ki:

EO ~ / <k2/ ’k ’/ da;z— ext/ ms dmg) dkl
1

e For dominant —51(%77%%), Ejy is close to a 1-d model for small-angle
thin—film Néel walls (“ripples”) normal to &1, integrated over Zs:

1 L
A A s 1
Ey =~ / (/ ((91m2) dzy + / Hal]l/Z % % ‘ dzq — ezt/ m2d$1> dZs.
0 0

(8.33)
Indeed, (6.16) with the anisotropy term replaced by the Zeeman term
turns into the inner integral of (8.33), when approximated and rescaled
according to (8.27), (8.28) and (8.16).

hoe05
6 Byt 10
-
- -

Figure 35: Homotopy between the unstable mode and the concertina pattern

Figure 35 shows the minimizer my of Ey for varying strength of the
external field he:ct (h'e:ct = hcmt + 0.5, he:ct = hcmt + 6, he:ct = hcmt + 10)
The function o is represented by a grayscale plot for better comparison
with the experimental picture in Figure 26. The proportions correspond to
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a value of ¢ = 0.008. One clearly sees a homotopy between the unstable
mode and the strongly nonlinear concertina pattern.

Theorem 8.5 shows that Eo is coercive for ﬁ, ﬁezt ~ 1:

Theorem 8.5 There exists a universal constant ¢ > 0 such that for any
o € L2((0,L) x (0,1)) we have

14/9
Eo(ig) > cL™3 / m3 di' — Dt / m3 di’.
(0,L)x(0,1) (0,L)x(0,1)

It is not claimed that the exponent 14/9 is optimal; it is just important
that it is larger than 1. Theorem 8.5 states that there cannot be too much
cancellation between the two terms in the charge density. This is not so ob-
vious — the normal form Fj for “buckling” in micromagnetics thus behaves
quite differently from the normal form for buckling in plate theory, the von
Karman model. Corollary 8.6 draws the conclusion that the bifurcation is
supercritical in the sense of (8.26):

Corollary 8.6 There exists an M ~ 1 such that in the regime (8.18) &
(8.30),

inf < E(m) ‘ / im —m*|>di < eM?
(0,L)x(0,1)x(0,1)

< inf E(m)’/ lm —m*[>di = eM? } .
(0,L)%(0,1)x(0,1)

8.2 Local minima and thermally-activated switching

The micromagnetic energy is nonconvex due to the restriction |m| = 1. It
can have many local minima, each representing a stable magnetization pat-
tern. As the applied field varies, a ferromagnet exhibits hysteresis, because
the choice of local minimum is history-dependent.

We have discussed the limiting form of the energy in various thin-film
regimes. Mathematically speaking, these limiting forms have been justi-
fied only for energy minima, i.e. for ground-state patterns. But practically
speaking, we expect them to describe the accessible local minima as well.
Thus, we expect stable magnetization patterns in thin films to converge to
local minima of the appropriate asymptotic energy.
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It is natural to seek a more global understanding of the energy land-
scape. One motivation is the analysis of thermally-activated switching. The
Landau-Lifshitz-Gilbert equations of micromagnetic dynamics,

ay . OE
=— H- — H th H=-—
Ji vJ % Jst(Jx ) wi 57

can be viewed as a damped Hamiltonian system. More explicitly we have

1
H = He:):t + Hind + 7 [QAATI’I — KG(VQ)O)] .
S
To account for thermal fluctuations we must add a stochastic term:

2aD
14+ a2

kgT
v Js

Jy = —yJx (H - Wt> —QTVJX(JxH) with D = . (8.34)

where kp is Boltzmann’s constant, 1" is temperature, and W; is white noise
in both time and space. After division by Js; we obtain the equivalent form

2aD
my = —ym X (H — ﬁWJ —aym x (m x H). (8.35)

Models of this type go back at least 40 years [17]; for numerical studies in
the spatially inhomogeneous setting see e.g. [18, 54, 75].

For finite-dimensional damped Hamiltonian systems the effect of thermal
noise is well understood. Micromagnetics is infinite-dimensional, so rigor-
ous analysis is more difficult (and presently open), however we expect the
situation to be like the finite-dimensional setting. The system should spend
most of its time near stable states, with thermally-activated transitions be-
tween them. The transitions should moreover have Arrhenius kinetics, i.e.
the transition rate between any pair a,b of local minima should have the

form
kab = Cabe_AE/kBT (836)

where AF is the height of the energy barrier and Cly;, is a suitable prefactor.
This formula is applicable when thermal effects are small and transitions
rare, i.e. when AF/kpT > 1. The minimum-energy saddle separating the
two stable states plays the role of a critical nucleus. Once the saddle point is
known, the most likely pathway of the transition is easily determined. The
prefactor can also be determined, albeit with more difficulty: it depends on
the linearization of the energy near the local minimum and the saddle [55].
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Rare events are important, but difficult to sample numerically. For ex-
ample, we expect memory devices to be stable for years, but we can only
simulate thermally-activated micromagnetics for a fraction of a second. The
Arrhenius formula (8.36) is valuable because it gives access to precisely the
regime we cannot sample numerically.

The bottom line is this: to understand thermally induced switching we
need (i) a list of stable states, and (ii) a list, for each pair of stable states,
of the lowest-energy saddle between them. For small magnetic elements —
the numerically accessible regime — the list of stable states is relatively short
and easy to determine: it suffices to solve the overdamped zero-temperature
dynamics with a variety of initial conditions. Finding the lowest-energy
saddle is, however, considerably more subtle.

Recently the problem of evaluating energy barriers and finding the as-
sociated saddles has seen considerable progress. The nudged elastic band
method [63, 71] and the string method [45] can be viewed as efficient numer-
ical implementations of the classical “mountain pass method” for finding
saddle points. Recently E, Ren, and Vanden-Eijnden applied the string
method to analyze the thermally-activated switching of permalloy thin films
and cylinders in the absence of an applied magnetic field [46]. One of their
examples is a thin film 200nm x 200nm in cross-section and 10nm thick. The
relevant local minima are C-states and S-states, each of which can be viewed
as having a boundary vortex in one corner. The lowest-energy saddle point
separating the C' and S states turns out to be a flower state, which can be
viewed as having a boundary vortex in the middle of one side (see Figure 1
of [46]). The string method is currently being applied to finite-temperature
hysteresis diagrams, and to predicting the temperature-dependence of the
coercive field [86].

9 Appendix on magnetostatics

We collect here a few results on magnetostatics. Existence and uniqueness
of hjnq satisfying
hing = —VU (9.1)

and
/ hina - Vo = — / m-Ve, Ve PR, 9.2)
R3 Q

follow from the Riesz representation theorem. Let

X ={Vu:u e C>®(R3),Vu e L?(R3,R3)}
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denote the closure of the space of gradients of smooth functions in the L2
topology. Then X is a closed subset of L2(R3, R3) and hjy,q is the projection
of —m € L?(R3,R?) onto X. The main properties of the map P associating
hina = —Pm with each m are collected in the next proposition.

Proposition 9.1 (i) For each m € L2, there exists a unique hj,qg € X
satisfying (9.2).

(i) The field hinq is characterized as the best approzimation of —m within
X

1= = inal 12 = minl] = m = Bl|2.

(iii) The linear map P : —m — hinq is an orthogonal projection. In partic-
ular

hinall2 = [[Pml[r2 < [[m]] 2.

Classically the induced field may be written as hjpg = —VA~tdivm. In
Fourier space h;,q is obtained by a pointwise projection using the matrix

E@ /IS e
C&i&
€12

F(hina)i(§) = Fmy(8). (9-3)

10 Appendix on I'-convergence

10.1 Main properties

In this article we frequently study a sequence I* of energy functionals and
we are interested in their limiting behavior as & — oo. The limit we are
looking for is, however, not the usual (pointwise) limit. Rather, we look for
a notion of convergence which implies that

minimizers of I¥ converge to minimizers of I.

I-convergence, introduced in 1974 by DeGiorgi and Franzoni [32, 33],
is exactly this notion. We first give the formal definition and review some
key properties of I'-convergence. Then we illustrate the notion in an easy,
but interesting one—dimensional problem, in fact a 1d version of the sharp
interface problem discussed in Section 7.2. Two standard references for I'-
convergence are [31, 11]. An easier introduction is [14] and short overviews
appear e.g in [4, 72].
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We consider functionals I* defined on a complete metric space X (e.g. the
space L? equipped with the usual distance given by the L? norm d(f,g) =
I|f — gl|z2; there is another metric on L? which is compatible with weak
convergence, when restricted to bounded sets in L?). We say that the func-
tional I is the I'-limit of the sequence I* if the following two conditions are
satisfied

(i) (lower bound) For every sequence f — f we have

lim inf I*(fy) > I(f). (10.1)

k—oo

(ii) (attainment of lower bound/recovery sequence) For every f there
exists a sequence g such that g, — f and

Jim 1%(gy) = I(f). (10.2)

Remark 10.1 We often consider I'-convergence with respect to a continu-
ous parameter (such as the aspect ratio t) rather than a discrete index k.
Strictly speaking, we have I* L Tast—0 if It L Task— 0o, for every
sequence ti — 0.

The main difference with ordinary convergence is that the definition of
the limit functional I at f involves not only the values of I¥ at the point
f, but also in a neighborhood of f. This is crucial for the link between I'-
convergence and the convergence of minimizers. The following result (which
follows essentially directly from properties (i) and (ii) above) makes this
precise.

Theorem 10.2 Suppose that I is the I'-limit of the sequence I*¥. Let f;, be
minimizers of I*.

(i) If fr — f then f is a minimizer of I.

(ii) If g is a minimizer of I then there exists a sequence gy of minimizers
of I* such that g;, converges to g.

Remark 10.3 Various refinements are possible. First, in (i) it suffices
that a subsequence fi; of the sequence f converges to f. Convergence of a
subsequence can often be assured under rather general ’soft’ conditions on the
functionals I®, which does not require detailed knowledge of the minimizers.
Second, it suffices that the f}, are approzimate minimizers of I*, i.e. I*(f},) <
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IF(h) 4+ 1/k for all h € X. Then the limit f of (a subsequence) is still a
minimizer of I. This is particularly useful if we do not know whether I* has
a minimizer. In that case we still have a slightly weaker version of part (ii)
of the theorem, stating there exists g, converging to g which are approximate
minimizers in the above sense.

In applications we are often interested in applying additional external
fields. This amounts to adding an additional (usually linear) functional h
to the energy functional. The operation is compatible with I'-convergence
as long as h is continuous.

Proposition 10.4 Suppose that h is a continuous functional on X (with
respect to the given metric) and

LN (10.3)
Then
" +h 5 T+h (10.4)

10.2 An example

To illustrate the concept of I'-convergence consider scalar functions f defined
on the unit interval (0,1) and the functionals

1
= [ @ + k() da, (10,5

where ¢ is a double well potential, with p(£1) = 0 and ¢ > 0 otherwise.
One can take e.g.

o(s) = (s> — 1)

We will see shortly that the I'-limit functional will ‘live’ mostly on non-
smooth functions f. For this reason it is convenient to extend I* to a space
X which is as large as possible by making it 400 outside its natural domain
of definition. Note that such an extension does not change the minimizers
of I*. We may take X = L'(0,1) (with the metric given by the usual L'
norm) and set

]k(f) _ { {91 %]f’(x)|2 + ko(f(x))dz, if fis smooth, (10.6)

00 else.
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(We could also define I*(f) by the integral expression for a larger class of f,
e.g. for all f whose (distributional) derivative belong to L?. One can show
that this leads to the same I'- limit.)

What is the I-limit of I* as k — oo ? The second term in the integral
suggests that the I'-limit will only be finite on functions which take only
the values £1. Let f be a function which takes only values +1 (and is not
identical 1 or —1). If we approximate f (in L') by smooth functions then
the derivatives of the approximations f; must become very large at some
points as we improve the approximation. The more jumps between —1 and
1 the function f makes, the larger we expect the energy I*(fi) to be. The
I'-convergence result of Modica and Mortola makes this precise.

Proposition 10.5 The functionals I¥ are T'-convergent to I where

I(f) = { igo (number of jumps of f), Zsj;(x) = =1 for all (10.7)

where

1
Ag = 2/ ©'/2(t) dt.
—1

This result illustrates that I'-convergence is very different from pointwise
convergence. In fact, the functionals I* are finite on smooth functions, while
I is +00 on smooth functions (except for the function which is identically
1 or identically —1). On the other hand, I is finite on functions which take
only the values +1, while I* is 4+-00 on those functions (again with the trivial
exceptions).

It is instructive to verify Proposition 10.5 using the definition of I'-
convergence. To keep things simple we only consider a function f which
has exactly one jump, say f(z) = —1 for x < z¢, while f(x) =1 for z > x.
To establish the lower bound in the definition of I'-convergence we follow
Modica and Mortola and apply the arithmetic-geometric mean inequality to
the integrand of I*

%If’(ﬂf)!2 +ko(f(2)) 2 209" 2 (f(2)) ()] (10.8)

and we observe that the expression inside the absolute value can be written
as a total derivative L H(f(x)), where

H(s) = /0 "oV (0) do

110



is the anti derivative of p/2.

Now consider a sequence f;, which converges to f in L'. Then for almost
all values of x we have f¥(z) — f(z) (more precisely this is true for a
subsequence, and this is enough to verify (10.1)). Choose a < 2y < b such
that convergence holds at a and b. Then

b
PR = [ AL ()] do > 2 () - H(fila)
. 2[H(1) — H(-1)] = 24 = I(f).

This finishes the verification of condition (i) of I'-convergence.

To check condition (ii) we need to construct a sequence g which approx-
imates the jump function f and does not ’waste’ energy. In particular, we
should choose g such that the geometric-arithmetic inequality (10.8) be-
comes sharp. This is the case if g} (x) = kp'/?gy(z). We define an optimal
profile h as the solution of

H@zw”@@%EE&MOZﬂ,h@Z&

Then we can take gi(z) = h(k(z — 20)) and we see easily that I*(g,) —
2A = I(f). This finishes the proof of Proposition 10.5 for the case that f
makes a single jump. If f has multiple jumps at x1, x2, ... then for the lower
bound one simply applies the previous argument with points a; < x1 < by,
as = b1 < 9 < ba, etc. For the upper bound one first constructs good local
approximations near each z; as above and then interpolates between these
approximations (see e.g [4, 72] for further details).

What can we learn about the minimizers of I¥ from the I'-convergence
result ? The (global) minimizers of I*¥ are actually quite boring, they are
given by the two functions f which are identically 1 or identically —1. Al-
ready a slight modification of I*, however, leads to a rather interesting
situation. We simply prescribe the average value of f to prevent the trivial
solution and to force f to switch from one well to the other. Specifically fix
A (strictly) between —1 and 1 and set

J%ﬂZ{IWﬁifﬁf:% (109)

+o0o0  else.

Then, by the same arguments as above, one can show that the functionals
J* have a T-limit J, which agrees with I if the constraint is satisfied and is
400 otherwise. The minimization problem for J is very easy to solve. We
need to have at least one jump to satisfy the constraint. More jumps cost
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additional energy. Hence J has exactly two minimizers, f and f_, each of
which have exactly one jump (at 1/2 + \/2, respectively).

The T'-convergence result and Theorem 10.2 imply that all minimizers
of J*¥ must converge to either f, or f_ (after choosing a subsequence).

10.3 Hierarchies of I'-limits

I'-convergence reveals limiting features of a family of functionals at a certain
energy scale. By using different rescalings one can extract different features
of the family of functionals (we have seen that, e.g. in Section 4.3). This
fact can also be easily illustrated using the example discussed in the last
subsection. If we considered the differently scaled functionals

1
~ 1
= [ G @+ etre) de (10.10)
then it is not difficult to show that I* EN I where

1
Hﬂz%wﬂﬂmM, (10.11)

where ¢** is the convex envelope of ¢ and where we consider I'-convergence
with respect to weak convergence in L?. As long as ¢ grows super linearly
at oo its convex envelope vanishes exactly on the convex hull of the energy
wells, i.e. the set [—1,1]. The set of minimizers of I is very degenerate.
Every function taking values in [—1,1] is a minimizer. The I'-limit of the
rescaled functionals I¥ = kI* helps to break this degeneracy. Only functions
that take only the values £1 have finite energy and the limit functional
distinguishes among these by the number of jumps.
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Appendix: Frequently used symbols

Symbol | Meaning First appearance
E micromagnetic energy (in J) (2.1)
J magnetization (in Tesla) (2.1)
Js saturation magnetization (2.2)
m normalized magnetization J/Jg (2.3)
A exchange stiffness (in J/m) (2.1)
K, crystalline anisotropy constant (in J/m3) | (2.1)
@ anisotropy function (2.1)
Hina magnetic field induced by J (in A/m) (2.1)
U potential of H,,4 (2.6)
1o vacuum permeability 47 x 1077 Vs/Am (2.5)
Q region occupied by ferromagnetic body (2.1)
C§°(R3) | space of smooth functions

which vanish outside a compact set (2.9)
K easy magnetization directions (2.10)
Ky magnetostatic energy density J2 /2 (2.13)
E normalized energy E/K; (units of volume) | (2.14)
Hp normalized applied field poHez¢/Js (2.15)
H;q normalized induced field (2.16)
U potential of H;,q (2.15)
Q quality factor K,/K, (2.18)
d = dpy, | Bloch-line width \/A/Ky (2.19)
I E/K,=FE/Q (2.22)
dpw Bloch—wall width \/A/K, = d/\/Q (2.24)
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Symbol Meaning First appearance
t thickness of a prism—shaped film Section 3
t time Section 8.2 only
l typical lateral dimension of a film Section 3
T aspect ratio ¢/l (3.1)
94 two-dimensional base of a film (3.2)
e fully nondimensional energy e = E/(I*t) (3.4)
w rescaled (nondimensional) three-dimensional domain | (3.3)
W’ rescaled two-dimensional domain (3.3)
K rescaled Bloch-line length x = d/I (3.5)
u rescaled potential (3.6)
hind, hext rescaled fields (3.7), (3.8)
D, demagnetizing tensor (3.11)
©** convex envelope of ¢ (3.13)
x tangential coordinates =’ = (21, x2) (4.3)
\4 in-plane gradient (01, 02) (4.3)
F Fourier transform (4.4), (6.14)
m’ in—plane magnetization m’ = (my, ms) (4.5)
V single layer potential (4.7)
e’ nondimensionsonal two—dimensional energy as

a function of the aspect ratio 7 Section 4.2
n scaled applied field (5.5)
v rescaled single layer potential (5.9)
\ies rotated gradient (—ds, d1) (5.22)
C&°(Q;R3) | space of smooth vectorfields

vanishing outside a compact subset of (7.3)
i Qs e rescaled energy functionals (7.12), (7.15)
PerqF perimeter of a set Proposition 7.4
BV () functions of bounded variation Proposition 7.4
T absolute temperature Section 8.2
¥ gyromagnetic ratio Section 8.2
« damping factor in LLG equations Section 8.2
W white noise Section 8.2
kp Boltzmann’s constant Section 8.2

115




References

1]

[10]

[11]

[12]

[13]

A. Aharoni, Introduction to the Theory of Ferromagnetism, Oxford
Univ. Press, 2nd ed. 2000.

A. Aharoni, Magnetization curling, Phys. stat. sol. 16 (1966), 1-42.

A. Aharoni and S. Shtrikman, Magnetization curve of the infinite cylin-
der, Phys. Rev. 109 (1958), 1522-1528.

G. Alberti, Variational models for phase transitions, an approach via
I'-convergence, in : Calculus of variations and partial differential equa-
tions (Pisa, 1996) (eds. G. Buttazzo et al.), Springer, 2000, pp. 95-114.

G. Alberti and S. Miiller, Two-scale Young measures for variational
problems with multiple scales, Comm. Pure Appl. Math 54 (2001), 761
825.

F. Alouges, S. Conti, A. DeSimone, and Y. Pokern, Energetics and
switching of quasi-uniform states in small ferromagnetic particles,
M2AN Math. Model. Numer. Anal. 38 (2004), 235-248.

F. Alouges, T. Riviere, S. Serfaty, Néel and cross-tie wall energies for
planar magnetic configurations, ESAIM Control Optim. Calc. Var. 8
(2002), 31-68.

L. Ambrosio, C. De Lellis and C. Mantegazza, Line energies for gradient
vector fields in the plane. Calc. Var. PDE, 9 (1999), 327-355.

L. Ambrosio, N. Fusco and D. Pallara, Functions of bounded variation
and free discontinuity problems, Oxford Univ. Press, 2000.

G. Anzellotti, S. Baldo and A. Visintin, Asymptotic behavior of the
Landau-Lifshitz model of ferromagnetism, Appl. Math. Optim. 23
(1991), 171-192.

H. Attouch, Variational convergence for functions and operators, Pit-
man, 1984.

J.M. Ball, A. Taheri and M. Winter, Local minimizers in micromagnet-
ics and related problems, Calc. Var. 14 (2002), 1-27.

F. Bethuel, H. Brezis and F. Hélein, Ginzburg-Landau Vortices,
Birkhauser, Basel 1994.

116



[14] A. Braides, I'-convergence for beginners, Oxford Univ. Press, 2002.

[15] H. Brezis, J.M. Coron, E.H. Lieb, Harmonic maps with defects, Comm.
Math. Phys. 107 (1986), 649-705.

[16] W.F. Brown, Criterion for uniform micromagnetization, Phys. Rev. 105
(1957), 1479-1482.

[17] W.F. Brown, Thermal fluctuations of a single-domain particle, Phys.
Rev. 130 (1963), 1677-1686.

[18] G. Brown, M.A. Novotny, and P.A. Rikvold, Langevin simulation of
thermally activated magnetization reversal in nanoscale pillars, Phys.
Rev. B 64 (2001), 134422.

[19] P. Bryant and H. Suhl, Thin—film magnetic patterns in an external field,
Appl. Phys. Lett., 54 (22) (1989), 2224-2226.

[20] R. Cantero-Alvarez and F. Otto, Critical Fields in Ferromagnetic Thin
Films: Identification of Four Regimes, SFB 611 Preprint 128 (2004),
see http://www-mathphys.iam.uni-bonn.de, J. Nonlinear Science, in
press

[21] R. Cantero-Alvarez and F. Otto, Oscillatory buckling mode in thin-
film nucleation, SFB 611 Preprint 148 (2004), see http://www-
mathphys.iam.uni-bonn.de, J. Nonlinear Science, in press

[22] R. Cantero-Alvarez and F. Otto, The concertina pattern in ferromag-
netic thin-film elements: A supercritical bifurcation, SF'B 611 Preprint
227, (2005), see http://www-mathphys.iam.uni-bonn.de

[23] G. Carbou, Regularity for critical points of a nonlocal energy, Calc.
Var. 5 (1997), 409-433.

[24] G. Carbou, Thin layers in micromagnetism, Math. Models Methods
Appl. Sci. 11 (2001), 1529-1546.

[25] G. Carbou, P. Fabrie, Regular solutions for Landau-Lifshitz equation
in a bounded domain, Diff. Int. Eqns. 14 (2001), 213-229.

[26] G. Carbou, P. Fabrie and O. Gues, Couche limites dans un modele
de ferromagnétisme, Comm. Partial Differential Equations 27 (2002),
1467-1495.

117



[27]

C. Carstensen, D. Praetorius, Effective simulation of a macroscopic
model for stationary micromagnetics, Comput. Methods Appl. Mech.
Engrg. 194 (2005), no. 2-5, 531-548

Choksi, R., Kohn, R. V., Bounds on the micromagnetic energy of a
uniaxial ferromagnet, Comm. Pure Appl. Math 51 (1998), 259289

R. Choksi, R.V. Kohn and F. Otto, Domain branching in uniaxial fer-
romagnets: a scaling law for the minimum energy, Comm. Math. Phys.
201 (1999), 61-79.

S. Conti, Branched microstructures: scaling and asymptotic self-
similarity, Comm. Pure Appl. Math. 53 (11) (2000), pp. 1448-1474

G. Dal Maso, An introduction to I'-convergence, Birkhauser, 1993.

E. De Giorgi, Sulla convergenza di alcune successioni di integrali del
tipo dell’area, Rend. Mat. 8 (1975), 277-294.

E. De Giorgi and T. Franzoni, Su un tipo di convergenza variazionale,
Atti Accad. Naz. Lincei Rend. Cl. Sci. Fis. Mat. Natur. 82 (1975),
842-850.

A. DeSimone, Energy minimizers for large ferromagnetic bodies, Arch.
Ration. Mech. Anal. 125 (1993), 99-143.

A. DeSimone, Hysteresis and imperfection sensitivity in small ferro-
magnetic particles, Meccanica 30 (1995), 591-603.

A. DeSimone, J. McCord, F. Otto, R. Schéfer, in preparation

A. DeSimone, R.V. Kohn, S. Miiller and F. Otto, A compactness result
in the gradient theory of phase transitions. Proc. Roy. Soc. Edinburgh
131A (2001), 833-844.

A. DeSimone, R.V. Kohn, S. Miiller and F. Otto and R. Schéfer, A
reduced theory for thin film micromagnetics, Comm. Pure Appl. Math.
55 (2002), 1408-1460.

A. DeSimone, R.V. Kohn, S. Miiller and F. Otto, Repulsive interac-
tion of Néel walls, and the internal length scale of the cross—tie wall,
Multiscale Model. Simul. 1 (2003), 57-104.

118



[40]

[41]

[42]

[43]

[44]

[47]

[48]

[49]

[50]

A. DeSimone, R.V. Kohn, S. Miiller, F. Otto and R. Schéfer, Two-
dimesional modelling of soft ferromagnetic films, Proc. Roy. Soc. A
457 (2001), 2983-2991.

A. DeSimone, R.V. Kohn, S. Miiller, F. Otto and R. Schéfer, Low en-
ergy domain patterns in soft ferromagnetic films, J. Magnetism Magn.
Mat. 242-245 (2002), 1047-1051.

A. DeSimone, H. Kniipfer and F. Otto, 2-d stability of the Néel wall,
SFB 611 Preprint 224 (2005)

W. Déring, Mikromagnetismus, in: Handbook of Physics (ed. S. Fliigge)
Vol. 18/2, Ferromagnetism, Springer, 1966, pp. 341-437.

J. Drwenski, F. Otto, H%-matrix methods vs. FFT in thin-film
stray—field computations, SFB Preprint 161 (2004), see http://www-
mathphys.iam.uni-bonn.de

W. E, W. Ren and E. Vanden-Eijnden, String method for the study of
rare events, Phys. Rev. B 66 (2002), 052301.

W. E, W. Ren and E. Vanden-Eijnden, Energy landscape and thermally
activated switching of submicron-size ferromagnetic elements, J. Appl.
Phys. 93 (2003), 2275-2282.

L.C. Evans, Partial regularity of stationary harmonic maps, Arch. Ra-
tion. Mech. Anal. 116 (1991), 101-113.

L.C. Evans and R.F. Gariepy, Measure theory and fine properties of
functions, CRC Press, 1992.

I. Fonseca and G. Leoni, Relaxation results in micromagnetics, Ricerche
di Matematica XLIX (2000), 269-304.

H. Forster, T. Schrefl, R. Dittrich, W.Scholz and H. Fidler, Fast Bound-
ary Methods for Computing Demagnetizing Fields, IEEE Trans. Magn.
39 (5) (2003), 2513-2515.

E.H. Frei, S. Shtrikman and D. Treves, Critical size and nucleation field
of ideal ferromagnetic particles, Phys. Rev. 107 (1957), 446-455.

C.J. Garcia—Cervera, Magnetic domains and magnetic domain walls,
PhD thesis, New York University, 1999.

119



[53]

[54]

[60]

[61]

C.J. Garcia—Cervera, One—dimensional magnetic domain walls, Europ.
J. Appl. Math. 15 (2004), 451-486.

J.L. Garcia-Palacios and F.J. Lazaro, Langevin-dynamics study of the
dynamical properties of small magnetic particles, Phys. Rev. B 58
(1998), 14937-14958.

C.W. Gardiner, Handbook of Stochastic Methods for Physics, Chem-
istry, and the Natural Sciences, Springer, 3rd edition, 2004.

G. Gioia and R.D. James, Micromagnetics of very thin films, Proc. Roy.
Soc. London Ser. A 453 (1997), 213-223.

E. Giusti, Minimal surfaces and functions of bounded variations,
Birkhauser, 1984.

W. Hackbusch, A sparse matrix arithmetic based on H-matrices, I,
Introduction to H-matrices, Computing, 62(2) (1999), 89-108.

W. Hackbusch, S. Bérm, H?-matrix approximation of integral opera-
tors by interpolation, Appl. Numer. Math., 43(1-2) (2002), 129-143,
19th Dundee Biennial Conference on Numerical Analysis (2001).

R. Hardt and D. Kinderlehrer, Some regularity results in ferromag-
netism, Comm. Partial Differential Equations 25 (2000), 1235-1258.

F. Hélein, Régularité des applications faiblement harmoniques entre
une surface et une spheére, C.R. Acad. Sci. Paris Ser. I 311 (1990),
519-524.

F. Hélein, Harmonic maps, conservation laws and moving frames,
Diderot, 1997.

G. Henkelman and H. Jonsson, Improved tangent estimate in the
nudged elastic band method for finding minimum energy paths and
saddle points, J. Chem. Phys. 113 (2000), 9978-9985.

A. Hubert, Zur Theorie der zweiphasigen Doménenstrukturen in
Supraleitern und Ferromagneten. Phys. Stat. Solidi 24 (1967), 669
682 (On the theory of two-phase domain structures in superconductors
and ferromagnets).

A. Hubert, Stray—field—free magnetization configurations, Phys. Status
Solidi 32 (1969), 519-534.

120



[66]
[67]

[68]

[73]

[74]

[75]

A. Hubert and R. Schéfer, Magnetic domains, Springer, 1998.

P.E. Jabin and B. Perthame, Compactness in Ginzburg—Landau energy
by kinetic averaging, Comm. Pure Appl. Math. 54 (2001), 1096-1109.

P.E. Jabin, B. Perthame and F. Otto, Line-energy Ginzburg—Landau
models: zero—energy states, Ann. Sc. Norm. Super. Pisa Cl. Sci. (5) 1
(2002), 187-202.

R.D. James and D. Kinderlehrer, Frustration in ferromagnetic materi-
als, Continuum Mech. Thermodyn. 2 (1991), 215-239.

W. Jin and R. V. Kohn, Singular perturbation and the energy of folds
J. Nonlinear Sci. 10 (2000), 355-390.

H. Jonsson, G. Mills and K.W. Jacobsen, Nudged elastic band method
for finding minimum energy paths of transitions, in: Classical and
Quantum Dynamics in Condensed Phase Simulations (eds. B.J. Berne,
G. Ciccotti, and D.F. Coker), World Scientific, 1998.

J. Jost and X. Li-Jost, Calculus of variations, Cambridge Univ. Press,
1998.

M. Kléman, Soft ferromagnets revisited, Phase Transitions 30 (1991),
217-232.

J. Ko, The construction of a partially reqular solution to the Landau-
Lifshitz-Gilbert equation in R?, submitted to Nonlinearity

R.H. Koch, G. Grinstein, G.A. Keefe, Y. Lu, P.L. Trouilloud, W.J.
Gallagher and S.S.P. Parkin, Thermally assisted magnetization reversal
in submicron-sized magnetic thin films, Phys. Rev. Lett. 84 (2000),
5419-5422.

R.V. Kohn, S. Miiller, Branching of twins near an austenite twinned—
martensite interface, Phil. Mag. A 66 (1992), pp. 697-715.

R.V. Kohn, S. Miiller, Surface energy and microstructure in coherent
phase transitions, Comm. Pure Appl. Math. 47 (1994), pp. 405-435.

R.V. Kohn, F. Otto, M.G. Reznikoff and E. Vanden-Eijnden, Action
minimization and sharp interface limits for the stochastic Allen Cahn
equation, submitted to Comm. Pure Appl. Math.

121



[79]

R.V. Kohn, M.G. Reznikoff and E. Vanden-Eijnden, Micromagnetics at
finite temperature and large deviation theory, J. Nonlinear Science, in
press.

R.V. Kohn and V. Slastikov, Another thin film limit of micromagnetics,
Arch. Ration. Mech. Anal., in press.

M. Kurzke, Boundary vortices in thin magnetic films, Calc. Var. PDE,
in press.

A.E. LaBonte, Two—dimensional Bloch—type domain walls in ferromag-
netic films, J. Appl. Phys 40 (1969), 2450-2458.

L.D. Landau and E. Lifshitz, On the theory of the dispersion of mag-
netic permeability in ferromagnetic bodies, Phys. Z. Sowjetunion 8
(1935), 153-169.

E. Lifshitz, On the magnetic structure of iron, J. Phys. USSR 8 (1944),
337-346.

F.H. Lin, A remark on the map x/|z|, C.R. Acad. Sci. Paris Ser. I 305
(1987), 529-531.

D. Liu, C. J. Garcia—Cervera and W. E, Magnetic switching of thin
films under thermal perturbation, J. Appl. Phys., in press

H. McGahagan, An approximation scheme for Schriédinger maps,
preprint.

C. Melcher, Néel walls and reqularity in thin film micromagnetics, PhD
thesis, University of Leipzig, 2002.

C. Melcher, The logarithmic tail of Néel walls in thin films, Arch. Ra-
tion. Mech. Anal. 168 (2003), 83-113.

C.Melcher, Logarithmic lower bounds for Néel walls, Calc. Var. 21
(2004), 209-219.

S. Middelhoek, Domain walls in thin Ni—Fe films, J. Applied Phys. 34
(4) (1963), pp. 1054-10509.

L. Modica, The gradient theory of phase transitions and the minimal
interface criterion, Arch. Ration. Mech. Anal. 98 (1987), 123-142.

122



[93] L. Modica and S. Mortola, Un esempio di I'-convergenza, Boll. Un.
Mat. Ital. 14 (1977), 285-299.

[94] R. Moser, Ginzburg-Landau vortices for thin magnetic films, AMRX
Appl. Math. Res. Express 1 (2003), 1-32.

[95] R. Moser, Boundary vortices for thin ferromagnetic films, Arch. Ration.
Mech. Anal. 174 (2004), 267-300

[96] L. Néel, Les lois de 'aimantation et de la subdivision en domaines
elementaires d’un monocristal de fer I-111, J. Phys. Rad. 5 (1944), 241
251 and 265-276.

[97] A.J. Newell and R.T. Merrill, Single-domain critical sizes for coercivity
and remanence, J. Geophys. Res.-Sol. Ea. 104 (B1) (1999), 617-628.

[98] F. Otto, Cross-over in scaling laws: a simple example from micromag-
netics. Proceedings of the International Congress of Mathematicians,
Vol. III (Beijing, 2002), 829-838, Beijing, 2002. Higher Ed. Press.

[99] P. Pedregal, Relaxation in ferromagnetism: the rigid case, J. Nonlinear
Sci. 4 (1994), 105-125.

[100] L.A. Privorotskii, Thermodynamics of domain structures, Wiley, 1976.

[101] R. Riedel and A. Seeger, Micromagnetic treatment of Néel walls, Phys.
Stat. Sol. (B) 46 (1971), 377-384.

[102] T. Riviere, Everywhere discontinuous harmonic maps into spheres,
Acta Math. 175 (1995), 197-226.

[103] T. Riviere and S. Serfaty, Limiting domain wall energy for a problem
related to micromagnetics, Comm. Pure Appl. Math. 54 (3) (2001),
294-338.

[104] T. Riviere and S. Serfaty, Compactness, kinetic formulation, and en-
tropies for a problem related to micromagnetics, Comm. Partial Dif-
ferential Equations 28 (2003), 249-269.

[105] R. Schoen and K. Uhlenbeck, A regularity theory for harmonic maps,
J. Diff. Geom. 17 (1982), 307-355.

[106] L. Simon, Theorems on regularity and singularity of energy minimizing
maps, Lecture Notes in Mathematics ETH Ziirich, Birkhauser, 1996.

123



[107] J.A. Sethian, Level Set Methods, Cambridge University Press, 1996.

[108] E.C. Stoner and E.P. Wohlfarth, A mechanism of magnetic hysteresis
in heterogeneous alloys, Phil. Trans. Roy. Soc. London A240 (1948),
599-642.

[109] M. Struwe, On the asymptotic behaviour of the Ginzburg-Landau
model in two dimensions, Diff. Int. Eqns 7 (1994), 1613-1624.

[110] M. Struwe, Erratum: On the asymptotic behaviour of the Ginzburg-
Landau model in two dimensions, Diff. Int. Eqns 8 (1995), 224.

[111] L.Tartar, On mathematical tools for studying partial differential equa-
tions of continuum physics: H-measures and Young measures, in: De-
velopments in Partial Differential Equations and Applications to Math-
ematical Physics (eds. G. Buttazzo, G.P. Galdi and L. Zanghirati),
Plenum Press, 1992.

[112] L. Tartar, Beyond Young measures, Meccanica 30 (1995), 505-526.

[113] H.AM. van den Berg, Self-consistent domain theory in soft—
ferromagnetic media. II, Basic domain structures in thin film objects,
J. Appl. Phys. 60 (1986), 1104-1113.

[114] R.J. Vanderbei, Linear programming: foundations and extensions,
Kluwer, 1996.

[115] A. Visintin, On Landau-Lifshitz’ equations for ferromagnetism, Jap.
J. Appl. Math. 2 (1985), 69-84.

124



