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1 Introduction

Ferromagnetic materials are widely used in nowadays as technological tools, especially for ma-
gnetic data storage. The modelling of very small ferromagnetic particules is based on the microma-
gnetic theory. The micromagnetic model states that ferromagnetic materials can be described by a
3—D vector-field distribution, called magnetization, where the stable configurations correspond to
(local) minimizers of the micromagnetic energy. The associated variational problem is nonconvex
and nonlocal. Moreover, it is a multi-scale system involving both intrinsic parameters (depending
on the nature of the ferromagnetic material) and extrinsic parameters (coming from the geome-
try of the sample). According to the relative smallness of these parameters, different asymptotic
regimes appear and lead to the formation of various magnetization patterns.

The qualitative and quantitative analysis of the magnetization patterns is an extensively explo-
red topic. Generically, a pattern (stable state) consists in large uniformly magnetized 3—D regions
(magnetic domains) separated by narrow transition layers (magnetic walls) where the magnetiza-
tion varies very rapidly. Depending on the scales of the system, the experiments predict different
type of magnetic walls : 2—D wall defects (Néel walls, asymmetric Bloch wall), 1—D vortex-lines
(Bloch lines) or a mixed type of vortex-wall defects (cross-tie walls). The main goal is to give a
mathematical justification of the physical prediction on the formation and characterization of these
defects. Classical methods of functional analysis are often insufficient to detect these phenomena
of loss of regularity. New approches need to be developed in order to implement geometric measure
theory contributing to the analysis of partial differential equations.

In this survey, we focus on pattern formation in very thin films. The ferromagnetic samples are
assumed to be cylinders with a very small thickness. In our regime, two types of magnetic walls are
expected to be observed : Néel walls and Bloch lines. Moreover, there exists a physical prediction
on global configurations of the magnetization : as stated by van den Berg [29], the observed magne-
tizations at the “mesoscopic” level are 2—D unit-length vector fields of distributionally vanishing
divergence. A special configuration is the Landau state that corresponds to the viscosity solution
of the eikonal equation. It fits perfectly to the magnetization pattern observed in experiments on
rectangular thin films (see Hubert and Schafer [15]).

Our aim is to present some results that rigourously prove the van den Berg conjecture at least
in a special regime. For this purpose, we discuss the properties of Néel walls and Bloch lines. These
defects give the leading order term of the energy of the Landau state. The main result shows
compactness of configurations energetically close to the Landau state in the case where a Bloch
line is energetically more expensive than a Néel wall. Consequently, their limiting pattern satisfies
the van den Berg prediction.

The paper is organized as follows : we start with a mathematical description of the 3—D micro-
magnetic model. Then we discuss a thin film regime where the 3—D model can be asymptotically
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reduced to a 2—D problem. In Section 4, we introduce a toy problem that is a slight simplifica-
tion of the reduced 2—D model and we explain heuristically the van den Berg prediction on the
magnetization at the mesoscopic level. Next we present two models that are related with our toy
problem : the Aviles-Giga model and the Riviere-Serfaty model. They appear in different asympto-
tic regimes in micromagnetics and exhibit the same van den Berg limiting configuration. In Section
6, we review the properties of the Néel walls, together with some new results on the optimality
and I'—convergence of these 1—D transition layers. In Section 7, we characterize the Bloch lines
by analogy with vortices in Ginzburg-Landau type problems. These results enable us to deduce
the energy level of the Landau state in the toy problem and to present a compactness result for
magnetizations energetically close to the Landau state in Section 8.

2 The 3—dimensional model
The magnetization of a ferromagnetic sample Q C R? is created by the spontaneous alignment
of electron spins and can be described in the non-dimensionalized form by a unit 3—D vector field

m : Q — S2. Let us assume that the sample is a cylinder, i.e., @ = ' x (0,¢) where Q' is the cross
section of the sample of diameter ¢ and ¢ is the thickness of the cylinder (see FIG. 1). According
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FiGg. 1 — A ferromagnetic sample.

to micromagnetics, stable magnetizations on 2 are described by (local) minimizers of the energy
functional defined as :

E3D(m):d2/9|Vm|2dx+Q/Qg0(m)dm+/Rg |VU|2dx—2/QHext-mdm. (1)

In the following we explain the four components of the micromagnetic energy E3P.

The first term, called exchange energy is due to short range interactions of spins and favors
parallel alignement of neighboring spins. The constant d is the exchange length and corresponds
to an intrinsic parameter of the material on the order of nanometers.

The second term in (1) represents the anisotropy energy that penalizes certain magnetization
axes. The anisotropy energy density ¢ is a nonnegative function with symmetry properties inherited
from the crystalline lattice. The preferred directions of magnetization are the zeros of ¢. Typically,
we have uniaxial or multiaxial anisotropy (e.g., ¢(m) = 1 —m? that favors the direction (£1,0,0))
and surface anisotropy (e.g., ¢(m) = m3 where the easy plane is the horizontal one). The quality
factor @ is a second intrinsic parameter of the material that measures the strength of the anisotropy
energy relative to that of the stray field. According to the values of @, we distinguish two classes
of materials : soft materials if @@ < 1 and hard materials if @ > 1.

The third term of E3P is the stray field energy and is created by long range interactions between
electron spins modelled by the static Maxwell equation. More precisely, the stray field potential



U : R? — R is determined by
AU = V- <m19> in R3 (2)

ie., VU -V(dz = / m-V¢dr, Y¢eCX(R?).
R3 Q

By the electrostatic analogy, two types of charges generate the potential U : volume charges with

density given by the divergence of m at the interior of the sample €2 and surface charges represented

by the normal component of the magnetization on the boundary of (2. Therefore, this nonlocal term

favors domain patterns that achieve flux closure.

The last term in (1) denotes the external field energy generated by an applied external field
H.y : R? — R3. It favors alignment of the magnetization with the external field Hey.

More details about the mathematical modelling of micromagnetics can be found in the book of
Hubert and Schéfer [15] or in the overview of DeSimone, Kohn, Miiller and Otto [12].

We will concentrate on the analysis of global minimizers of energy (1). In fact, physically acces-
sible local minima share the same features as the ground state (see DeSimone, Kohn, Miiller, Otto
and Schiéfer [13]). It is a variational problem relying on the nonconvex constraint |m| =1 and the
nonlocality of the stray field energy due to definition (2). On the other side, four length scales are
involved in the system : two intrinsic parameters (d and @) and two extrinsic scales (¢ and ). The
combination of nonlocality and nonconvexity with the multiscale nature of the variational problem
leads to a rich pattern formation of the magnetization.

3 A reduced 2—D model

We are interested in the following thin-film regime that was studied by DeSimone, Kohn, Miiller
and Otto [10] : The cylinder © has a small aspect ratio

t
l <1 3
0 < (3)
and the sample is large in the sense that
d? 1
— L —F. (4)
tl " |log f]

This regime is appropriate for permalloy films of diameter of tens of microns and thickness on
the order of tens of nanometers. So, it can be achieved experimentally, though not by numerical
simulation which is generally restricted to a thickness on the order of submicrons.

The main result in [10] is the reduction of the 3—D micromagnetic model to a 2—D problem
by the method of I'—convergence in the thin-film limit. In particular, the 3—D minimizers of the
3—D energy converge to configurations that only depend on the in-plane coordinates ' = (21, x2)
and minimize a reduced 2—D energy. Here and below, the dash ’ always indicates a 2—D quantity.

The reduced 2—D energy can be deduced by the following ansatz : we consider that m is
invariant in the vertical variable z3, i.e.,

m = (m/,m3)(z") : Q — S% (5)

In fact, because of the cylinder shape of the film and the asymptotic regime (3) & (4), the variations
in the thickness direction z3 € (0,t) are strongly penalized by the exchange energy. It is also
assumed that the external field is in-plane and constant in x3, i.e.,

Heyxy = (Héxt(x/)v 0).



The exchange energy, anisotropy and external field energy write as

/ (®|Vm]* + Qp(m) — 2Hexy - m) dz =t / (®|V'm|* + Qp(m) — 2H., - m/) da’.  (6)
Q 7
What is the appropriate scaling of the stray field energy ? For configurations (5), the Maxwell
equation (2) turns into :

AU:V'-m'IQ+m-ylaQ in Rg, (7)

where v is the unit outer normal vector on 0f2. Therefore, the volume charges are given by the in-
plane flux and the surface charges on the top and the bottom side of the cylinder are represented by
the out-of-plane component mg of the magnetization. Equation (7) is a transmission problem that
can be solved explicitly using the Fourier transform F(-) in the horizontal variables (see Appendix)
and the computation yields

!

t ! t ! !
VOPds =t [ TGIEDlS  Fon'ta)f ag vt [ gl IeDIFmata] de.
R3 rR2 2 €] Rz 2

where

1— 6—25 .

g(s) = — and f(s)=1-g(s)if s > 0.
Approximating ¢g(s) = 1 and f(s) ~ s if s = o(1), we obtain
12 . 2
|VU|? da ~ —/ V|72V - (m'lg)| da’ +t [ m3da. (8)
R3 2 R2 Q

Observe that the first term in (8) is related with the stray field energy associated to the following
equation obtained from (7) by passing to the limit ¢ | 0 :

Au=V'(m'lg)H* {z3 =0} in R®
More precisely, the homogeneous H~1/2
the Dirichlet integral of u :

..
2 R2

—seminorm of the in-plane divergence of m’ is given by

2
V|72V - (m/1oy)

da' = / \Vul? da. (9)
R3
In order for (9) to be finite, we need to enforce vanishing charges on the lateral boundary :
m' - =0 on 9.
For simplicity of the notation, we will think of m’ as being extended to 0 outside €’ and we will

still denote this application by m/, i.e.,

m’ = m'lg/.

The scaling of the RHS of (6) and (8) in the length scale ¢ of ' is obtained by the change of

variable & = 2/ /¢ (¥ = Q' /¢), m(#') = m(2') and H. (&) = H. (') and leads to the following
2—D approximating thin film energy :

- t2 -l 2
E2D(m):td2/ |V’m\2dyz/+—/ ‘|v’|év'-m’
QO 2 R2

dz' +t6? / <m§+Q¢(m)2ﬁgxt~m’> dz’.
QI
(10)
This ansatz of considering zz—invariant magnetizations in the regime (3) & (4) is rigourously
justified in [10] by the method of I'—convergence and it explains why the energy E?P is a good
approximation of the 3—D functional E3P.



4 A toy problem

We will discuss a simplified problem for the thin-film model presented in the previous section.
We will ignore the anisotropy and the external field energy (Q = 0, Hepr = 0); in fact, they
represent a small perturbation of the remaining terms in (10) by scaling appropriately the quality
factor Q and Hey. The setting of our toy problem is given in the following :

Let w C R? be a planar simply connected domain with Lipschitz boundary. We focus on
configurations

m=(m',m3):w — S?

that are tangent at the boundary, i.e.,
m' -v=0 ondw, (11)

where v is the normal vector to Ow. We consider the following energy functional :

2
Es,n(m):/ |Vm|2dx+%/ ’|V1/2(V-m/) dx+€l2/m§dx, (12)
w R2 w

where € and 7 are small positive parameters standing for the core of the Bloch line and the Néel
wall, respectively (see Sections 6 and 7).
From now on, we will denote by x = (1, 22) the in-plane variables and by V the differential
operator
V = (02, 0z,)-

The functional E, , represents the renormalization of the energy (10) by a factor td? and the
penalizing parameters correspond to € := % and 7 := %. The thin-film regime (3) & (4) turns
into the constraint

e<l & n<l. (13)

Notice that the boundary condition (11) creates a topological obstruction for the system that
enforces the existence of zeros of m’ in @. These zeros play the role of topological point-singularities
(vortices) that carry a degree. In a 3—D bulk, they correspond to line-singularities in the vertical
section, so called Bloch-lines.

Our aim is to study the limiting behavior of global minimizers of E. , in the regime (13). In
this context, the last two terms in (12) are strongly penalized and favor charge-free configurations.
This type of limiting configuration was predicted by van den Berg [29] : they are 2—D unit-length
vector fields of weakly divergence-free, i.e.,

(14)

m3=0,lm|=1and V-m'=0 in w,
m -v=0 on dw.

We notice that the conditions in (14) are too rigid for smooth magnetization m. This can be

Fic. 2 — Landau state.

seen by writing m’ = V11 with the help of a “stream function” 1. Here, L denotes an in-plane



rotation by 90°. Then (14) implies that 1 is a solution of the Dirichlet problem for the eikonal
equation :

V| =1 in w. (15)

Using the method of characteristics, it follows that there is no smooth solution of the equation (15)
in a bounded simply connected domain w such that m’ satisfies the boundary conditions (11). On
the other hand, there are many continuous solutions that satisfy (15) away from a set of vanishing
Lebesgue measure. One of them is the “viscosity solution” given by the distance function

Y(x) = dist(z, dw)

that corresponds to the so-called Landau state for the magnetization m’ (see FIG. 2). Hence, the
divergence-free equation in (14) has to be interpreted in the distribution sense and the boundary
conditions (11) are expected to induce line-singularities for solutions m’ (or a point singularity
in the case of a circular domain w). These ridges (“ridges” from the point of view of ¢) are an
idealization of walls in thin-film elements at the mesoscopic level. At the microscopic level, they
are replaced by smooth transition layers (called Néel walls) where the magnetization varies very
quickly on a small length scale. A final remark is that the normal component of m’ does not jump
across these discontinuity lines (because of (14)) and therefore, the normal of the mesoscopic wall
is determined by the angle between the mesoscopic levels in the adjacent domains (see FIG. 3).
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F1G. 3 — Angle wall.

We expect that the leading order term of the energy of the Landau state is given by the cost
of line and point defects. Therefore, we analyse the qualitative and quantitative behavior of the
Néel walls and Bloch-lines in Sections 6 and 7. This study allows us to state a compactness result
for the Landau state in Theorem 4 and to conclude that the limiting configurations in that regime
satisfy the van den Berg prediction.

5 Two related problems

Let us compare the toy problem with two related singularly perturbed variational problems.
The first one was raised by Aviles and Giga [4] in connection with several physical applications
(smectic liquid crystals, film blisters or convective pattern formation) and it was intensively studied
since then, e.g. by Ambrosio, DeLellis and Mantegazza [3], DeSimone, Kohn, Miiller and Otto [9],
Jin and Kohn [20] etc. It consists in minimizing the energy functional

1
AG:(m') = / (€|Vm’|2 + g(l - |m’2)2) dx,

m'(r):w CR* - R?, V-m =0inw,

(16)



or more generally, in studying 2—D divergence-free vector fields {m.} with uniformly bounded
energy AG(m.) < C as ¢ | 0. With respect to (12), the vector fields are constrained to be of
divergence-free in problem (16); they will tend to be of length 1 as e | 0.

The second problem was considered by Riviere and Serfaty [26, 27] and Alouges, Riviére and
Serfaty [2] as a model for xs—invariant magnetizations in thicker films with strong planar aniso-
tropy. It consists in reversing the limiting processes in (16), i.e., the vector fields are restricted to
be of unit length and they are no longer of divergence-free, but the latter condition is forced by a

penalization in the H~!—norm as € | 0 :

1
RS.(m) = / |V |? dx + f/ V|7V - (m'1,)|? dz,
w € Jr2 (17)
m'(r):w CR* - R?  |m/|=11inw.

Observe that the first problem (16) is local, whereas (17) has a nonlocal behavior due to the
last term of the energy RS.. Therefore, the feature of (17) is much closer to our toy problem.
However, the boundary condition (11) cannot stand true for problem (17). Indeed, there are no
H'(w, S')—vector fields with values into the unit circle that are tangent at the boundary of a
simply connected domain w. On the other hand, (11) is strongly penalized by the second term in
the energy RS. as e | 0.

As in the toy problem, the limiting configurations in (16) and (17) will satisfy as e | 0 :

V-m'=0 and |m/|=1 in w.

In fact, compactness results for sequences {m’} of uniformly bounded energy are proved for problem
(16) in [3] and [9], respectively for problem (17) in [26, 27]. The accumulation points are indeed 2—D
unit-length vector fields of weakly divergence free. Therefore, we expect to have line-singularities
for solutions m/ in the limit ¢ | 0 and the normal component m!, of m’ does not jump across these
ridges.

However, the I'—limit energies for these functionals have different behavior. In fact, the energetic
cost on a ridge J, can be computed by considering 1—D transition layers that connect two
directions of angle —¢ and 6 with 6 € (0,7/2] (see FIG. 3). In the first model (16), the divergence-
free constraint enforces that the normal component of the 1—D transition layer across the ridge is
constant. Therefore, the associated variational problem can be expressed in terms of the tangential
component m. and corresponds to a Cahn-Hilliard type model :

dm,

1D . dmz 2 1 o5 509
AGZZ (m,) = /R <5| o |+ é:(sm 0 —m3) )dt,
m, : R — [—sin#,sin ] and m,(+oo) = £siné.

The energy AGLP is invariant under translation. Since configurations m, of finite energy are
continuous, the limit conditions enforce a zero (transition wall) for m, and one can fix the center
of the wall at the origin by setting m, (0) = 0. The minimizer m, of AGLP is unique and satisfies
the Cauchy problem associated to the first order ODE (see [20]) :

dm 1, .5 9
dtT = g(sm 6 —mz7), m-(0)=0.
Therefore, it is a transition layer with a single length scale ¢, i.e.,

tsin @

m.(t) = sin @ tanh( )

and satisfies the limit conditions m.,(+£00) = % sinf. The minimal energy is equal to

1
min AG!P = §|sin€|3 = §|mJr —-m~



where m* = (cosf, £sinf) are the traces of the magnetization on the ridge .J,,/

Let us now compute the cost of the I'—limit of {RS.} on the ridge J,, for the second model
(17). Since the transition layer is of length 1, we transpose the corresponding variational problem
in terms of the phase (lifting) ¢ of m’ (see [26]) :

Rle( / ( | ‘ 5 COSQO*COS@) )dt,

¢:R—[—6,0] and gp(:l:oo) = =£6.

As before, since the energy RSP is invariant under translation, we fix the center of the phase
transition at the origin by setting ¢(0) = 0. The minimizer ¢ of RS!P is unique and satisfies the
Cauchy problem associated to the first order ODE (see [26]) :

dip

1
i g(CObgo —cosf), ¢(0)=0.

It is an increasing transition layer with a single length scale € that satisfies the limit conditions
©(+o0) = £6 and the minimal energy is equal to

min RSP =2 /

d
(cos ¢ — cos 0)—80 dt = 4(sinf — 0 cos0).
R dt

Remark : The energetic cost (per unit length) of a jump across a ridge of angle 26 is cubic (= 63)
in both models (16) and (17) for small angles 6. However, for large angles 6, the I'—limit energy
charges differently a jump in (16) and (17).

6 Néel walls

The Néel wall is a dominant transition layer in thin ferromagnetic films. It is characterized by
a one-dimensional in-plane rotation connecting two (opposite) directions of the magnetization (see
FIG. 3) :
m3 =0 and m=m(x;).

It is a two length scale object : a small core with fast varying rotation and two logarithmically
decaying tails. There are three confining mechanisms for the Néel tails : the anisotropy of the
material, the steric interaction with the sample edges and the steric interaction with the tails
of neighboring Néel walls. These models correspond to three nonconvex and nonlocal variational
problems depending on a small parameter (see Ignat [16]).

For simplicity, here we only describe the case of confining tails by the finite size of the sample.
The constraints are given by :

a
+v1 — o

with a € [0,1) (see FIG. 4). Denoting § = arccosa, then 20 is called the Néel wall angle. For
configurations (18), the energy (12) per unit length in zo—direction turns into :

EP(m /| P+ /’\ Ve[

Under these restrictions, a Néel wall corresponds to a minimizer of energy (19).

m' = (my,my) : R — S* and m/(dz;) = ( ) for +z; >1, (18)

dl‘l. (19)
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F1G. 4 — Néel wall of angle 20 confined in [—1,1].

Notice that the continuous transition layers are necessarily not charge-free, i.e.,

Vom =3 .
dl‘l

Hence there is a competition between the first and second term in (19). The main feature of the
variational problem is that the renormalized energy nE},D only gives uniform bound of m; in
HY/%(R) that barely fails to control the L>(R)-norm ||m |, g) = 1. This suggests a logarithmic
singular behavior. The prediction of the logarithmic scaling for minimal energies nE}]D was formally
proved by Riedel and Seeger [25]; a detailed mathematical discussion of their results was carried
out by Garcia-Cervera [14] by means of a perturbation argument. The exact leading order term of
the minimal energy was finally deduced by DeSimone, Kohn, Miiller and Otto [8, 11] by matching
upper and lower bounds in the case of a 180° Néel wall, i.e., « =0 :

inplD o~ T ~ 0. 20
ME N g * 1Y (20)
a=0

The analysis of the structure of a minimizer of (20) is rather subtle due to the different scaling
behavior of the energy terms in (19). This suggests the existence of two length scales of the
transition layer. The Néel wall is divided in two regions : a core ([t| < Weore) and two tails (weore S
[t| < wiqa). This particular structure enables the magnetization to decrease the renormalized
energy nE},D by a logarithmic factor (20). Melcher [22, 23] rigorously established the optimal
profile of the Néel wall, i.e., the minimizer m’ of (20) with m4(0) = 1 is unique and exhibits two
uniform logarithmic tails beyond a core region of order 7 close to the origin (see FIG. 5 and FIG.
6) :

log |t
ma () ~ Logltl g

n< |t <1
| log 7|
WL
t
O(n)

Fi1G. 5 — First component of a 180° Néel wall.

The stability of 180° Néel walls under arbitrary 2—D modulation was proved by DeSimone,
Kniipfer and Otto [7]. The setting is the following : We consider the cross section of the thin
ferromagnetic sample as a 2—D sheet w = (—1,1) x R. The admissible magnetizations are 2—D
unit-length vector fields

m' = (my,my) : R? — S*



F1G. 6 — Second component of a 180° Néel wall.

that satisfy the boundary conditions in (18) and m’ is L—periodic in the infinite xo-direction, i.e.,

«

m/(z1,xo+L) = m(x1,22),¥(z1,22) € R? and m/(+x1, z2) =
(z1,22+L) (1, 32), V(21, 22) (21, 72) Y —

> NVrg e R a1 > 1,

(21)
where L is an arbitrary positive number. These magnetizations macroscopically connect two di-
rections which form an angle (see FIG. 7). Then the energy density (12) for this configuration

) X2
" \ I 4 / L’XI
\ / m;
-~ 7 P ,
N[ | .
® s!

F1G. 7 — The admissible magnetization m’

writes )
EFr(m') = / |Vm/|? dx + 1/ |V|~Y2(V-m')| da. (22)
Rx[0,L) N JRx[0,L)xR
The stability result for the 180° Néel wall in [7] is stated as follows :
min EPr(m') ~ min EPr(m') ~ Tk asn | 0.
m/:m‘ﬁ‘l,jﬁ)agh (21) mr=m (@) with (18 n|log 7|

This means that asymptotically, the minimal energy EP" is assumed by a straight wall. More
precisely, the variations of the optimal 1—D transition layer in xo-direction will not decrease the
leading order term in the energy.

Later, Ignat and Otto[17] showed a qualitative property of the optimal 1—D transition layers :
asymptotically, the minimal energy can be attained only by the straight walls. This property holds
for general boundary conditions (21). It is based on a compactness result for in-plane unit-length
magnetizations with energies close to the minimal energy level : Any accumulation limit m* has
its singularities concentrated on a vertical line (see FIG. 8).

10



Theorem 1 (Ignat and Otto [17]) Let o € [0,1) and L > 0 be given. For any § > 0 there exists
no > 0 with the following property : Given m’ : R? — S* such that (21) holds and

per

nllogn|EX" (m') < La(1 — a)? 41, for some 0 <n<mn,

/ |m' —m*|dx < 4,
Rx[0,L)

then we have

where m* is a straight wall given by

[e%

m*(xl,xg) = ( im

) for a1 > +ai, (23)

for some x7 € [—1,1].

*

s
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F1a. 8 — Straight wall

A natural question about the I'—convergence for the Néel walls arises in this framework. Due
to (20), we consider a new length scale 6 > 0 such that n = §/|log 6| and we renormalize the energy
(19) by a factor n|logd| in order for the minimal energy to become of order O(1) :

. dm’ |2 d 1/2 ?
n—
Eé(m)_é/ﬂddml‘ dx1+log5/R‘|dx1’ my| dzi. (24)

The goal is to study the I'—limit of energies {E(;} as 0 | 0 and to characterize the limiting
configurations of the magnetization. }

The compactness result of configurations of uniformly bounded energy {Es}s)0 is given in the
following :

Theorem 2 (Ignat and Otto[17], Ignat [16]) Let 6y | 0 as k T oo, ay € [—1,1] and mj, =
(my g, ma) : R — St be such that (18) holds and

lim sup B, (m},) < +o0. (25)
kToo
Then {m} }r1oo is relatively compact in L}, (R, SY). Any accumulation point m’' : R — St is of
bounded total variation and can be written as

N+l cos 6
m = 1 , 26
Z < (—1)"sin@ > (ntn) (26)

n=1

where 6 € [0,27), N >0 and —co =t) < -1 <t; < - <ty <1 < tyy1 = +oo. Moreover, if
sinf # 0, then N is an odd integer and m’ satisfies (18).

11
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F1c. 9 — A limit configuration with 3 walls.

Remark :

i) The limiting configurations exhibit a finite number of walls of identical angle 26. All these
walls are confined in [—1, 1] because of the boundary condition (18).

ii) Observe that the initial configurations {m,} satisfy boundary conditions (18) determined by
different numbers {ay}. The angle of the limit configuration m’ represents an accumulation
point of the sequence {2 arccos ay }.

iii) The fading H'—control of the magnetization is essential for the compactness result. In
the absence of it, we can construct a sequence of magnetizations {m}} that satisfy (18),
lma k|l 12 — 0 as k T oo and {m},} is not relatively compact in Lj . (see [16]).

iv) The compactness result in Theorem 2 fails in general in the BVj,.—topology even if the
limiting configurations are of bounded variation in R. In fact, Ignat and Otto [17] constructed

a sequence of magnetizations {m} } with (18) and of uniformly bounded energy Ejs, (m},) < C
dml’k
i

such that the sequence of total variations { [ | |} blows-up.

Let us denote by A the set of all limiting configurations given by (26). For such a configuration
m’ € A, we define the following energy :

Eo(m') = (1 — |mq])?- ( number of jumps of m’),

where the number N of jumps of m’ corresponds to the number of straight walls of the limiting
magnetization m’. We can show that Fy represents the I'—limit of energies E5 as § | 0 :

Theorem 3 (Ignat [16]) Let d; | 0 as k T oo. Then
Es, L Ey under the L}, .(R, SY)—topology as k 1 oo, i.e.,

(i) If mj, : R — S and oy, € [—1,1] are such that (18) and (25) hold and mj — m’' in
L}, (R,SY), then m' € A and

liir% inf Es, (m},) > Eo(m');
ii) For every m’ € A, there exist smooth functions m) : R — S' such that m) = m' in
k k
R\ [-1,1], m}, —m’ — 0 in L'(R,R?) and

lim B, (m,) = Eo(m').

Remark : Our result yields that the energy of a Néel wall is quartic in 6 for a small angle 20 :
510

min B5 = (1 — |cosf])? ~

T ha
i 49 as 6 ]0.
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Observe the difference between models (16) and (17) where the limit energy charges a jump across
a ridge of angle 20 as a cubic power #3 for small angles . Therefore, the I'—convergence for Néel
walls is rather non-standard because the optimal profiles of the phase-transitions in (24) have a
logarithmic tail, and thus the competition between the two terms of the energy FEjs is uneven. In
particular, the method of “entropies” used in [20] and [9] does not work for this problem. The idea
is to use a logarithmically failing interpolation inequality. For the compactness of magnetizations
{m/}.} in Theorems 2, we need to control in some sense their variations which consists in studying
the derivatives of the first components {0}, := dTl;’k }. The energy controls the homogeneous H-1/2.
seminorm of oy in the regime O(“Tlékl). The idea is to use a duality argument by estimating the

product

< Xk»>Ok > f1/2 fr-1/2

for a trial function xj that counts the variations of m; ;. Therefore, it is enough to analyse the
rate of the failing interpolation embedding

BV N L=(R) ¢ H/*(R)

that corresponds to the failing Gagliardo-Nirenberg type inequality :
d /2., 12 / dxk
— —=|. 27
/Hdt\ el sup bl |15 (27)

Typically, the trial function yj has jumps so that x, ¢ H'/2(R). That can be corrected by using
a perturbation of the homogeneous H'/2—seminorm that gives a weaker seminorm as in the work
of DeSimone, Kniipfer and Otto [7]. This seminorm is controlled by the RHS term in (27) by a
logarithmically slow rate with an optimal prefactor % This optimal factor gives the exact leading
order term of the energy (20).

7 Bloch line

A Bloch line is a smooth 3—D structure on the microscopic level of the magnetization that
replaces a topological point singularity at the mesoscopic level. The prototype of a Bloch line is
given by a vector field

m:w— 52

that is defined in a circular cross-section w := By C R? of a film and satisfies :
V-m' =0in By and m/(z) = - on 0B;. (28)

Here, the Bloch line is assumed to be invariant in the vertical direction and the word “line” refers

to that direction. The magnetization turns in-plane at the boundary of the disk B;. Therefore, the

in-plane component m’ looks like a regularization of a vortex x*/|x|. This topological constraint

creates a localized region, the core of the Bloch line, where the magnetization becomes perpendi-

cular to the horizontal plane (see FIG. 10). The out-of-plane component mg represents the surface

charges. Compared to Néel walls, the Bloch line is a configuration that avoids volume charges.
The energy (12) for a magnetization (28) writes as :

1
Esm(m):/ |Vm|2dx—|——2/ m3 da. (29)
Bl € Bl

The Bloch line corresponds to the minimizer of (29) under the constraint (28). Observe that
the competition between the exchange and the stray field energy (by the penalization of surface

13
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F1G. 10 — Bloch line.

charges) yields that the size of the core of the Bloch line is of order e. Since |Vm/| < |Vm| and
1>m2 >mi = (1-|m'|*)?, (29) has a lower bound given by the following Ginzburg-Landau type
functional :

1
GL.(m') = / |Vm!|* dz + 7/ (1 —|m/|*)* d.
B1 € Bl

The theory developed in the book of Béthuel, Brezis and Hélein [5] shows that the minimal
energy GL. under the restriction that m’ has winding number 1 is of order |loge| :

. ! ~
m’el?ll(nlil’l,RQ) GL.(m') = 2x|loge| as e | 0.

m/=xz1 on 0B

Moreover, Riviere and Pacard [24] proved that the minimizer of GL. is unique and radially sym-
metric around the origin for a sufficiently small € > 0, i.e.,

.TL

m/(z) = f(|=]) (30)

|z|”
where the profile f is the unique solution of the following Cauchy problem associated to a second
order ODE : )

_%_ %%_’_% = E%f(l_]ﬁ) in (071)7

f(0)=0,f(1) = 1.

Also notice that the minimizer (30) of GL. is divergence-free, hence it satisfies (28).
An upper bound for our energy (29) can be deduced by computing the energetic level of the
configuration

= + = in(Zf) if 0
ﬁ%/(x) _ f(‘-’17|)x77 s = /1 — ‘m/|2 with f(r) _ Sln( 25) 1 re ( 75)a
|| 1 ifr e (e,1).
Then ' satisfies (28) and we have for ¢ < 1,

E. ,(m') < 2r|loge| + C,

where C' is some positive constant.
Therefore, we conclude that

Epjoch =~ 2m|loge| as € | 0.

14



8 Compactness of the Landau state

We are now able to estimate the energy of the Landau state. The Landau state is a smooth
structure at the microscopic level whose in-plane component replaces the viscosity solution m’ =
V44 associated to the problem (14) at the mesoscopic level where the stream function is 1) =
dist(x, Ow). As explained in Section 4, v generates ridges (line-defects) that turn into Néel walls
for the Landau state. Also, the Landau state presents point-defects corresponding to Bloch lines.
The existence of a Bloch line is enforced by the topological constraint involved in the boundary
condition (11). Therefore, we expect that the energy of the Landau state is of the following leading
order :

Erandau = 27T| 10g5| +
1| log 7|
where € and 7 are the sizes of the core of the Bloch line and the Néel wall, respectively. Here, A is
a positive constant depending on the angle and length of the Néel walls.

In the regime where € is exponentially small with respect to 7, we prove the compactness
of 3—D magnetizations that are energetically close to the Landau state. Consequently, the limit
configurations do satisfy the van den Berg prediction.

Theorem 4 (Ignat and Otto [18]) Let w C R? be a smooth simply connected domain and let
A >0 and « € (0,1/2) be two arbitrary constants. Let e, mp, > 0, k € N be two sequences such

that
A

———— < 2wal|logey| for every k € N (31)
Mk | log |

and
er 10, L0 as k1 oc.

If my, : w — S? are C1 functions satisfying (11) and

E., n.(my) < 2m|loger| + (32)

| log k|’
then {my }x1oo is relatively compact in L' (w) and any accumulation point m : w — S? satisfies
m3 =0, [m'|=1ae inw and V-m'=0 distributionally in w. (33)

The compactness result in Theorem 4 is based on the approximation of 3—D configurations
by unit 2—D vector fields away from a small region. That region is detected via the following
theorem. It comes by using some topological techniques due to Jerrard [19] and Sandier [28] for
the concentration of the Ginzburg-Landau energy around vortices (see also Lin [21]). In our regime
(31), the level of energy (32) supports only one interior vortex or it concentrates on the boundary
(when boundary vortices do exist).

Theorem 5 (Ignat and Otto [18]) We consider w C R? be a smooth simply connected domain.
Leto >0, a € (0,1/2) and m’ : w — R? be a C* function satisfying (11). Then there exists g > 0
such that the condition

/ GL.(m')dx <2n(1+ a)|loge| for 0<e<eg (34)

imply either the existence of a vortex ball B(z*,0) C w with

/ GL.(m')dz > 2r|log 2| — C(a),
B(z*,0) €

15



or the following lower estimate of the energy at the boundary dw :

/ GLE(m’)dx227r|logg| — Cl(a).
{z€w:dist(z,0w)<o} €

In Theorem 5, a small region is detected where GL., (m},) is concentrated : either a disk of
radius o or a band of width o near the boundary dw. Let us denote this region by w,. Away
from w,, the energy level (32) only allows line singularities. Fix a disk D inside w \ w,. One can
detect a square grid in the interior of the disk with the following properties : each cell has a small
size, [m}| > 1/2 on the grid and the degree of mj, vanishes on the boundary of each cell of the
grid. Thus, m], can be approximated by a unit 2-D vector field vy, in the interior of D and vy
has the same level of energy O( as m}, in D. The following compactness result for 2—D

1
M| log ik | )
configurations applies and the conclusion of Theorem 4 follows immediately.

Theorem 6 (Ignat and Otto[17]) Consider a sequence {nk}ren C (0,00) with n | 0 and for
keN, let v, : B; C R? — S1. Suppose that

1
limsupnk|lognk|</ |Vg|? do + —/ ||V|_1/2(V-vk)|2dnj> < 0.
k—oo B, Mk J By

Then {vg } koo is relatively compact in L' (B1) and any accumulation point v : By — R? satisfies
[v|=1 a.e. in By and V-v=0 distributionally in By. (35)

Theorem 6 is the generalization of Theorem 2 for 2—D magnetizations. The proof uses a localized
version of the interpolation-type inequality that is explained in the last remark in Section 6. The
idea is to control the length of an orbit of the flow v,i- as in the work of DeSimone, Kniipfer and
Otto [7]. In fact, such an orbit corresponds to a flow line of v in the limit k T oo, which is a
straight characteristic in the case of a smooth solution v of (35). If x is a characteristic function
with the jump set concentrated on an orbit of vi- and p is a cut-off function, then the localized
“duality” term < xk,V - Uk >g1/2 o172, L€,

/pXkV - v dx

controls the local length [ p|Vx|dz of the orbit of vit. The energy gives an upper bound of
T—1/2 1

K [Tog |

has a fading control on the H l_seminorm of vy. Therefore, it is enough to estimate a perturbed

homogeneous H'/?-seminorm of x; by the total variation of yj. That holds true by the following

localized version of a logaritmically failing interpolation inequality (see [7]) :

the homogeneous H~'/?-seminorm of the divergence V - vy in the regime O( ) and also, it

2
/ EIFC)2de < 2 log el sup [kl / Vu| da.
1<|€]<1/ng T

9 Appendix
We compute the stray field energy for x3—invariant magnetizations in the general 3—D model.
Let Q = Q' x (0,t), Q" C R? be a bounded simply connected domain with Lipschitz boundary and

m = (m’,m3) : @ — R3. We extend m by 0 outside the domain €, so that we will always identify

m =mlq.
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The stray field potential U : R® — R is the solution of the transmission problem (2) :

AU =V -m inQ,

AU =0 in R3\ Q, (36)
[U]=0 on 09,
[%—lyj] =m-v on 09,

where [h] = hT — h™ stands for the jump of a quantity h with respect to the outer unit normal
vector v on 9. If m € L?(Q) and the normal trace m - v belongs to H~/2(99), problem (36) has
a unique solution in the Beppo-Levi space (see Dautray and Lions [6]) :

U
"1+ |z

BL={U:R*—=R: VU< L*R?) € L*(R%)}.

In fact, VU is the Helmholtz projection onto gradient fields of the magnetization m in the
L?—topology and the potential U is fixed by the decay condition U/(1 + |x|) € L2.
From now on, we assume that m does not depend on x3 :

m = (m',m3)(z").

The following formula holds for the stray field energy (see also DeSimone, Kohn, Miiller and
Otto [10] or Alouges and Labbé[1]) :

Proposition 1 If m is x3—invariant in ), then

[w0Pde=t [ SIS Frta) g o [ oI Fmata) ] .
where
1—e28 .
g(s) = —5 and  f(s)=1—g(s) if s >0.

Proof. Indeed, the Fourier transform F(U)(£',z3) in the in-plane variables z’ turns (36) into a
second order ODE in the vertical variable x3 for the wave number £’ as a parameter :

0? , P , L ifxg <0oraxzg >t
S FOE ) ~ [€LFO)(E ) = { R o

with the boundary conditions

i) 9
FWNE0) = FONE N =0 and |- F(0)] (€.0) = |~ ;-7 0] (€.6) = Flmala) €
3 Zs3
The solution is given by
(&) (el€1ms=t) _ el€les) if x5 <0,
FU)(E w3) = 4 BE)e €172 1 a(¢)elé' =t - LT i 5 € (0,1),
BE) (e € les — el€'[(t=w3)) if 23 > ¢,

where

FV-m)(E) | Flms)(€)

N FV-m) () Fms)(€)
21¢'? 21¢']

W IO =" e T g

a(¢) =



Therefore, Plancherel’s identity leads to

|VUFdr:/:/ O7(U)[*
R3 R JR2 ox

+ |§’2]—'(U)|2> d¢'daxs =1, + I, + I3

where
0 9 2 /
I :/_ /]RZ ng(g)‘ + |§’|2-7:(U)|2> d¢'dzrs = /]Rz 1€ )a(€)2(1 — 16112 ge
/ / <‘ * |5’|2f<U>|2> d¢'du;
0 JRr?
-/ ('5' £ BE - 1) - 2(a(e) + 861 - T TIED) gy
(F(V-m)(E))?
/]R2 t |€/|2 dg
and
o] a 2 /
ne (!;ﬁ?‘ i '5"2'”])'2) gty = [ €180 - e
The conclusion is now straightforward. 0
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