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Abstract

Néel walls and cross—tie walls are two structures commonly seen in ferro-
magnetic thin films. They are interesting because their internal length scales
are not determined by dimensional analysis alone. This paper studies (a)
the repulsive interaction of one-dimensional Néel walls; and (b) the inter-
nal length scale of the cross-tie wall. Our analysis of (a) is mathematically
rigorous; it provides, roughly speaking, the first two terms of an asymptotic
expansion for the energy of a pair of interacting walls. Our analysis of (b)
is heuristic, since it rests on an analogy between the cross—tie wall and an
ensemble of Néel walls. This analogy, combined with our results on Néel walls
and a judicous choice of parameter regime, yields a specific prediction for the
internal length scale of a cross—tie wall. This prediction is consistent with the
experimentally—observed trends.
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1 Introduction

The Néel wall is a dominant wall type in soft thin magnetic films. Unlike most tran-
sition layers in materials science, Néel walls have extremely slowly (logarithmically)
decaying tails. These tails are confined only by anisotropy, by the sample edges,
or by the tails of neighboring Néel walls. If the confining mechanism comes from
the tails of neighboring walls (which cannot unwind and thus annihilate themselves)
then there is a strong repulsive interaction between the walls.

The cross—tie wall is another typical pattern seen in soft thin films. It resembles
an ensemble of Néel walls, with a characteristic pattern and a well-defined internal
length scale weposs. Experimentally weposs is known to decrease as the film thickness
increases. It also decreases as the material anisotropy increases. There is however
no accepted theory predicting the value of we.oss Or even the experimentally observed
trends.

The origin of this paper is the observation that these two problems are related.
Indeed, if the cross—tie wall resembles an ensemble of Néel walls, then its internal
length scale should be determined by the repulsive interaction of Néel wall tails. We
are thus led to explore both (a) the interaction of Néel walls, and (b) the internal
length scale of a cross—tie wall.

The complexity and multiscale character of thin—film micromagnetics makes it par-
ticularly fruitful to consider these topics simultaneously. There are three distinct
length scales — the exchange length d, the film thickness ¢, and the wall spacing w.
So there are two nondimensional parameters, and a multitude of possible regimes.
The application to cross—tie walls will guide our attention to a specific parameter
regime, namely

w t w
d d In— — —
<w an nd<<d<<d,

as the one that is relevant to cross—tie walls.

This paper presents a mixture of rigorous and heuristic argument. Our results on
one-dimensional Néel walls are fully rigorous. Our deductions concerning cross—
tie walls are heuristic, since they depend on the caricature of a cross—tie wall as



an ensemble of Néel walls. Such a mixture of rigor and heuristics may be unusual,
however it seems to us quite natural. The heuristic arguments identify the “essential
physics” determining the length scale of a cross—tie wall; the rigorous arguments
analyse the consequences of the essential physics, in the simplest possible setting.

The analysis of Néel walls has interest far beyond the specific application emphasized
here, to cross—tie walls. Indeed, the interaction of such walls with one another or
with the boundary of a sample creates significant energy barriers. This effect grows
stronger with decreasing film thickness ¢. It can be responsible for the inaccessibility
of energetically favorable states, and thus is one source of magnetic hysteresis in
soft thin ferromagnetic films. An example of such hysteresis — involving repulsive
interaction of a wall with a sample boundary — is discussed in [3].

The analysis of one—-dimensional Néel walls also has considerable mathematical in-
terest. The problem is challenging because it amounts to a nonlocal, nonconvex
variational problem with a small parameter. Our approach is to prove matching up-
per and lower bounds on the minimum energy. Finding a good upper bound is more
or less routine: it suffices to minimize the energy within a suitable ansatz. Finding
a matching lower bound is much less routine; it is the heart of our mathematical
achievement.

The rest of this introduction summarizes briefly the structure of the paper. Section 2
reviews the basic micromagnetic model, first discussing the fully three—dimensional
problem (Subsection 2.1), then making the reduction to magnetization independent
of x3 (Subsection 2.2).

Section 3 introduces Néel walls and cross—tie walls, and discusses the relation be-
tween them. We start, in Subsection 3.1, with the definition of a one—dimensional
Néel wall. Then, in Subsection 3.2, we discuss how to quantify the repulsion between
Néel walls; in particular, we define the repulsive force p(d, t, w) between winding Néel
walls at distance w. Then we turn, in Subsection 3.3, to cross—tie walls, reviewing
their basic features and explaining the relevance of u. We show, in particular, that
to account for the experimentally—observed trends, p should have certain scaling
behavior in w and ¢ (mainly: g should grow sublinearly in t).

Section 4 formulates and discusses our rigorous results on one-dimensional Néel
walls. The subtlety of this problem arises because the magnetostatic term displays
a cross—over between two homogeneous expressions, associated with the thick—film
(t/w — 00) and thin—film (¢/w — 0) limits respectively. Subsection 4.1 considers
the “thick—film regime,” i.e. the variational problem obtained by replacing the mag-
netostatic term with its limiting behavior as t/w — oo. Subsection 4.2 considers the
opposite “thin—film regime,” obtained by replacing the magnetostatic term with its
limiting expression as t/w — 0. As we shall see, neither limiting regime gives the
desired behavior for pu! Therefore in Subsection 4.3 we consider the original varia-
tional problem, with the full magnetostatic term, and we identify an “intermediate
regime” in which p does indeed have the expected behavior.



Section 5 contains the proofs of our results on one—dimensional Néel walls. The
thick—film regime, analyzed in Subsection 5.1, is relatively easy. The thin—film
regime, analyzed in Subsection 5.2, is relatively long and technical. Readers pri-
marily interested in cross-tie walls may however skip Subsection 5.2, proceeding
directly to Subsection 5.3. It gives the proof of our main result, Theorem 1, evalu-
ating the optimal energy in the intermediate regime associated with cross—tie walls.

2 Ferromagnetic thin films

2.1 Three dimensional micromagnetics

The micromagnetic model states that the experimentally observed ground state for
the magnetization m is a minimizer of the following variational problem.

We consider a ferromagnetic sample in form of a film of thickness ¢ in x3-direction
and of infinite lateral size, i. e.

We call a magnetization m: IR? x (—%, %) — IR? admissible if it has unity spontaneous

magnetization
t 1

23

and is periodic in z; and x,—directions with period 2w

Im[* = 1 in IR? x (

) (1)

m(zy + 2w, x9,x3) = m(xy,x9,73),

m(z1, T2 + 2w, x3) = m(z1, T2, 73).

The motivation for the periodicity assumption will be given in Subsection 3.2.

The micromagnetic energy per (lateral) periodic cell is given by

_ 2
Bea(m) = d /<—w,w)2x<—§,g

+Q (m? + m3) d, 2)

( ) )2X(_%7%)

)|Vm|2 dx+/( |Vul? dx

w,w)2xR

where the potential u, which is supposed to inherit the symmetries of m, i. e.

w(zy + 2w, x9,x3) = u(x1, 9, x3),

w(zy, T + 2w, x3) = u(xy, 9, x3),

is determined by the static Maxwell equations, which we formulate variationally:

/ Vu-Vdr = / m-V¢dr for all ¢ € CX(IRY). (3)
R? R*x(—4,%)
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The first term in (2) is the so—called exchange energy, the second term is the energy
of the stray field Hy, = —Vu. The third term comes from crystalline anisotropy
which favors a certain magnetization axis, say, the ms—axis. The nondimensional
parameter () is called the quality factor.

The classical formulation of (3) is

o’ V-m in R x(-%1)
u =
0 in Rx[(—se,-hut4o)] [ L, @
[ul = 0 and [5—;’] =Fmy on IR* x {1}

where [-] denotes the jump of quantity - across the boundary of the sample. We
gather from (4) that there are two sources of stray field. By electrostatic analogy,
one speaks of volume and surface “charges”:

t
22
surface charge density: £ms; on IR® x {£Li}.

This model is already partially non—dimensionalized: The magnetization m, the
field Hy,, = —Vu, and the energy density are dimensionless. However, length is
still dimensional. In fact, there are four length scales: two intrinsic scales (i.e. only
depending on the material) and two extrinsic scales (i.e. only depending on the
sample geometry):
intrinsic scales: d and d/Q%, (5)
extrinsic scales: ¢t and w.

The functional (2) is positive quadratic. It is the constraint (1) which makes the
variational problem a nonconvexr one. The magnetostatic energy in (2) makes it a
nonlocal variational problem in m, since the energy density depends in a nonlocal
way on the order parameter m, namely through the equation (3) which determines
the potential u. The multiscale nature (5) of the variational problem, together with
its nonconvexity and nonlocality, leads to a rich behavior and pattern formation on
intermediate scales.

2.2 Two—dimensional reduction

In sufficiently thin films, it seems reasonable to assume that the magnetization is
essentially independent of the thickness direction xj:

m = m(x), (6)

where throughout the text, the prime indicates the in—plane components 1 and 2.
The right measure of film thickness is the ratio 4. In fact, (6) approximately holds for
not too thick films, up to § & 20 for Permalloy (Q = 0.00025), see [7, Fig.3.79]. For
thicker films, a wall type which violates (6) is observed. This so—called asymmetric
Bloch wall is nicely explained in [7, 3.6.4(D)] but will not be treated here.

5



For magnetizations with (6), the penalization of volume charges and surface charges

2
surface charge density: ~ +m3 on IR* x {+

separates. This can be best seen by passing to Fourier series of the (—w, w)?* periodic
vector field m: R* — IR?, i. e.

1 i g I ’
My = — T T ma(2) de' forn' € Z°.
7,n 2'LU /(—w,w)2 ]( )

!

We write m), = (my,/, Mo, ). Indeed, we have

Tn|t\ | o ? ™|t
Vul?de = t —ml,| +t e
[ oupalVeds = oS () |t 5 (T o
where the Fourier multipliers are given by
sinh(z)
9(z) = = expl2) and  f(z) = 1-g(z). (7)

This Fourier representation of the stray field energy is obtained as follows: The
Fourier transform of (4) in the horizontal variables yields an ordinary differential
equation in x3 with £ as parameter and with piecewise constant r. h. s. . This ode
can be solved explicitly. The formula then follows from Plancherel’s identity in the
horizontal variables. We observe that the Fourier multipliers display a cross—over:

z forzk1 1 forzx1
1(z) N{l forz>>1} and  (2) ~{2_1Z forz>>1}' (8)

Hence the way charge densities are penalized depends on the characteristic length
scale ¢ over which they vary. In terms of the length scale ¢, this cross—over is of the
order of the film thickness ¢. Hence for sufficiently thin films, it seems reasonable to
replace f(z) by z, whereas for sufficiently thick films, it seems plausible to replace
f(z) by 1. This cross—over will play an important role in our analysis.

Summing up: Under the assumption (6), we obtain the functional

Eyq(m) = dZt/(ww)2 |V'm|?ds’ + Qt/(wwy(mf—irmg)dx’

! 2 !
+t 3 f (” |"|t> +tSg (%) manl® (9)

2w ’
n

!
LI

l
! n
||

which is to be minimized among all m: IR*> — IR* with
m(zy + 2w, x3) = m(xy,23) and m(z, 20 +2w) = m(xy, x9)

under the constraint
Im[> = 1 on IR”.



3 Néel walls and cross-tie walls

3.1 The one—dimensional Néel wall

A wall is a transition layer which connects two essentially constant magnetizations
m*. In a soft thin film, walls are commonly of Néel type. The simplest model of
such a wall assumes that m depends only on the transverse variable, i.e.

m = m(x).

Contrary to the Bloch wall in bulk samples (see [7, 3.6.1(A)]), the Néel wall avoids
surface charges at the expense of volume charges. It achieves this by an entirely
in—plane rotation
ms = 0.

Hence we may describe a Néel wall by the angle # the magnetization forms with the
wall normal

o (cos 9) (10)

sinf )

Figures 1 give a sketch of the magnetization within a Néel wall. The relevant energy
functional is

Eu(m) = &t [ |

dm/’ t w
d;nl |2dx1 +t Zf (%) |m1,m|2—i—Qt /ﬂjmfdxl, (11)

where the one-dimensional Fourier coefficients are given by

1 v @
Miy, = ; / ™™y (3y) doy, forn, € Z.
(2w)z J-w

Figure 1: Magnetization in Néel wall

It is well understood from formal arguments and from numerical simulations in the
physics literature that the Néel wall consists of two qualitatively distinct elements:
the core and a slowly decaying tail. For the convenience of the reader, we cite
the key sentences from the careful discussion in [7, 3.6.4(C)]: “Part of the charge is
concentrated in the core, where it supports a low energy state by the close interaction
with its counterpart of opposite 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”. As we shall see in Subsection 4.2, the larger the tail width
w, the lower the stray field energy. Hence it is important that the tail is confined
by some mechanism to a length w. Otherwise, the tail would take over the entire
rotation of the magnetization at vanishing cost: The two bulk magnetizations m™*
would “diffuse” into each other.



3.2 Repulsive interaction between Néel walls

The mechanism which contains the tails of a Néel wall can be anisotropy favoring
the bulk magnetizations m* = (fl) as in (11), or it can be the finite size of the
sample. In this paper, we investigate the case where the tail is confined by the tail of
a neighboring wall at distance w. Hence we also neglect anisotropy and just consider

t
Eld th/ dl‘ + th< |n1| ) |m17n1|2. (12)

The simplest way to realize this repulsive interaction is to consider a periodic array
of winding walls of distance w. This is enforced by imposing the conditions

9(1‘1 —|—’UJ) = 9(1‘1) + (13)

on the magnetization angle. Observe that this entails periodicity of m’ of period
2w, 1. e.

m'(zy +2w) = m'(z).
Figure 2 and 3 show a sketch of an array of winding Néel walls and the corresponding
polarity of the charge distribution. Observe that these Néel walls are 180° Néel walls
in the sense that adjacent bulk magnetizations m* differ by a rotation of 180°.

A A O

+- -+ o+
X2 ~— —l —~— X2

Figure 2: Magn. in winding Néel wall ~ Figure 3: Charges in winding Néel wall

The goal of this paper is to quantify the repulsive force between Néel wall tails.
“Winding walls ... show a repulsion which increases strongly with decreasing wall
distance” [5]. Actually, a quantitative analysis of this repulsive force is still consid-
ered an open question by the physics community [7, p.245] both analytically and
numerically. Let e(d,¢,w) denote the minimum of (12) among all magnetizations
m' with (10) and (13):

e(d,t,w) = min Eq(m)).
( ) m' satisfies (10) and (13) 1a(m)

Observe that this is twice the specific Néel wall energy. The repulsive force given by

Oe
p(d, t,w) = %(d, t,w).



Hubert & Holz [6, p.148] were the first to try to quantify the increase in the specific
energy of a Néel wall due to a decreasing distance w to a neighboring wall. They
write “Es ist fiir viele Fragen von Interesse, wie die Energie der Néelwand zunimmt,
wenn die Lange des Auslaufers kiinstlich eingeschréankt wird, etwa durch eine be-
nachbarte Wand gleichen Drehsinns oder durch die Probenberandung. Uberschlags—
maflige Rechnungen zeigen, dal die Wandenergie niaherungsweise durch

D\ 3
Eg = 90+Egl <_> (14)

‘TC
dargestellt werden kann.”! In our notation, (14) turns into

1 t tot\3
Ee(d,t,w) = 60(8)4‘61(8) <—> . (15)

w

We have been unable to identify a regime where (15) holds.

3.3 Cross—tie walls

We are in particular interested how the force p depends on thickness ¢, since this
helps to understand the cross—tie wall, as we shall see. The cross—tie wall, c.f. [7,
3.6.4], is a pattern consisting of a main Néel wall segment and perpendicular short
Néel wall segments (the ”cross—ties”), see Figure 4, which shows a schematic pattern
of the cross—tie wall. The main Néel wall segment is parallel to the easy axis (the
axis favored by crystalline anisotropy, indicated by ) in Figure 4, which here is
the mj—axis). The cross—ties have an equilibrium period we.oss. It is conjectured
that the relevant repulsive force which keeps these Néel walls apart — and thus sets
the equilibrium period wg.,ss — comes from the fact that the length of the tails of
the main wall segment are limited by the tails of the adjacent cross—ties and vice
versa [7, p.245]. Figures 5 and 6 zoom in on the neighborhood of the intersection
of the main wall segment with a cross—tie. They indicate the sense of rotation of
the magnetization and the sign of the volume charge distribution. Observe that the
average distance between the repelling Néel wall segments scales as weposs-

The reason why one observes this microstructure of Néel walls instead of a single
180°—Néel wall is actually well-understood: All Néel walls in the cross—tie pattern
are of 90° or less. It is known from numerical simulations that a 90°-Néel wall has
only approximately 12% of the specific energy of a 180°-Néel wall in an experimen-
tally relevant parameter regime [7, p.240]. Hence although the total length of walls
in Figure 4 is larger, the total wall energy is smaller than for a single wall. Very
recently, Alouges, Riviére and Serfaty identified the proportions of the optimal wall
pattern in a cross—tie wall [1] (which has smooth transitions instead of the diago-
nal walls in Figure 4, in agreement with numerical simulations and experiments)!

L“Tt is of interest for many applications how the energy of a Néel wall increases as the length
of its tail is constrained artificially, for instance through a neighboring wall of same winding sense
or the sample edge. Rough calculations show that the wall energy can be approximated by ...”
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Figure 4: Magnetization in cross—tie wall
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Figure 5: Magnetization near cross-tie Figure 6: Volume charges near cross-tie

Roughly speaking, their starting point is the expression for the angle-dependent
specific Néel wall energy valid in sufficiently thick films. But their analysis, though
very impressive, neglects anisotropy and the repulsive interaction between the walls.
Therefore it does not capture the mechanisms that determine w,,,,; — the objective
of this paper.

The mechanisms which set the equilibrium cross—tie period w...ss are still debated:
“... a consistent theory of the cross—tie wall is still lacking. Numerical computations
point in the right direction but are necessarily restricted to small cross—tie periods.”
[7, p.245]. Experimentally, the cross—tie wall is ubiquitous and well-studied. Ex-
periments show that the cross—ties move closer together with increasing crystalline
9, Fig 7]:

1
Weross 1S proportional to @ (16)

It is also experimentally observed that cross-ties move closer together as the film

10



thickness ¢ increases [7, Fig 5.59]:
Weross decreases as t increases. (17)

There is no doubt that the force which keeps the cross—ties close together is crys-
talline anisotropy: In a band of a thickness which scales with w.,ss, the magne-
tization deviates O(1) from the easy direction, see Figure 4. In view of (9) (with
easy axis m; instead of my), the anisotropy energy scales as @t we.ss. Hence the
attractive potential ji.4y,- scales as

1 t
attr ™ t 5 Mattr ™ - 18
Hatt Qt or dﬂtt Qd ( )

In order to be compatible with (16) and (17), the repulsive potential si.¢, should

obviously scale as
1

t.d
o Hrep & —h(g) " with sublinear h.
By “sublinear” we mean h(z) ~ 2% with a < 1 for 2 > 1 or z < 1 (either would do).
If the relevant repulsive force comes indeed from the repulsion of Néel wall tails, we
expect

Hrep ~~ ,U/(d;tawcross)a

since the average distance between the winding Néel wall segments in Figure 4 scales
with weress. Hence if the hypothesis that the relevant repulsive interaction between
cross-ties comes from the repulsive interaction of Néel wall tails is true, there should
be a regime such that

1 t. d

—  with sublinear h. (19)
w

Of course, this argument is purely heuristic: One of its implicit hypothesis is that
the correction — at least in scaling — to the specific Néel wall energy due to con-
finement by neighboring Néel walls is independent of the angle of these Néel walls
and also applies to more complicated geometries where the neighboring walls are
not necessarily parallel at distance w, but only have average distance w. Hence the
goal of this paper is to identify a parameter regime where (19) holds. In fact, in
Theorem 1 we will show that

w

1
gu(d,t,w) R —4%% for d < w and ln% < é < 7

Together with (18), this predicts the scaling

d? 1 t 1
Weross ™~ @ fOI' Q < 1 and lna < E < —%

Not just the scaling but also the regime is consistent with the experimental obser-
vations for Permalloy [7, Fig 5.59].

11



4 Announcement and discussion of rigorous re-
sults

It seems hopeless to find an analytic expression for u(d, ¢, w) or e(d, t, w). The strat-
egy therefore is asymptotic analysis: Find analytic expressions which approximate
e(d,t,w) in certain parameter regimes. It thus seems natural to first investigate the
homogeneous expressions (8) for the Fourier multiplier f separately. The resulting
variational problem then has a single non—dimensional parameter (instead of two)
and therefore a much reduced complexity. They will be treated in Subsection 4.1
for the “thick—film regime”, i. e.

thick—film approximation: f(z) is replaced by 1
and in Subsection 4.2 for the “thin—film regime”, i. e.
thin—film approximation: f(z) is replaced by z.

But, as we shall see, both of these homogeneous reductions fail to capture a regime
with (19)! That such an intermediate regime exists is only revealed by a more careful
analysis of the true energy, which is presented in Subsection 4.3.

4.1 The thick—film regime

For sufficiently thick films, it seems justified to replace f in (12) by the second
homogeneous expression in (8), so that we are led to consider

m

w
Epicr(m) = d*t [ |d

/ w
. ?dxy + t /ﬂu m? dry, (20)

which is an entirely local functional. This allows for a standard treatment of the
wall. As for E14, we denote the minimum of Ey;., among all m’ with (10) and (13)
with egpicr (d, t, w).

Proposition 1 In the regime of sufficiently distant walls in the sense of
d < w, (21)

we have .
w
Eethick(dataw) -8 & 2 eXp(_E) (22)

(21) and (22) is just a short notation for the following statement: For any € > 0,
there exists a 6 > 0 such that whenever

d < dw,

we have )
dt ethick(da ta 'LU) -8

1—€e <
- 2 exp(—%)

< l+e
We shall now address two questions

12



A) When does the thick—film approximation seem reasonable?

B) What (tentative) predictions may we draw from Proposition 1 w. r. t. u?

Question A). The proof of Proposition 1 indicates that the minimizer features a core
of size d (with exponential decay), but no slowly decaying tail. In particular, the
largest length scale is of order d. Hence the approximation of f(z) by 1 is seemingly
justified if and only if

t > d. (23)

Hence we expect (22) to be a good approximation as long as (23) is satisfied. In
Subsection 4.3, we shall see that even for the leading order term Fy;r =~ 8 dt, this
is too optimistic by a logarithm.

Question B). In view of the answer to A), Proposition 1 predicts that for sufficiently
thick films in the sense of (23) and for sufficiently far-away walls in the sense of
(21), we have

1 1 t w
a/ﬁ(d,t,l‘) ~ gﬂthick(datax) ~ —g exp(—g) (24)

Thus we obtain an exponential dependence on w instead of the desired inverse
proportionality in (19). In fact, this tentative prediction is wrong (apart from the
regime of extremely thick films), as we shall see in Subsection 4.3!

4.2 The thin—film regime

For sufficiently thin films, it seems justified to replace to replace f in (12) by the
first homogeneous expression in (8), so that we are lead to consider

w dm/ 7 |ny|
Einin = d%/ —1|?d 25— ma,, |2 25
in () P+ S | (25)

ni

As for Ey4, we denote the minimum of Ey;, among all m’ with (10) and (13) with
ethin(da ta 'LU) .

Proposition 2 In the regime of sufficiently distant walls in the sense of

d2
7 < w, (26)
we have
In &L Inln @t
t2d einin(d, t,w) — T ~ ] w_;l . (27)
d2

13



(26) and (27) is just a short notation for the following statement: There exists a
possibly large but universal constant C' < oo such that whenever

d? 1
o< =
t — C

w,

we have . . .
1 lnln’g—2 ln’j—2 lnln15—2

— ethin(d, t,w) — m < C
C 11115—; ~ t2 thzn( ) >

an’—;'

In case of a Néel wall limited by anisotropy, a similar scaling law, with a less explicit
correction term, has been announced in [2, Theorem 3.2]. The proof of this related
scaling law without the correction term can be found in [4, Chapter 3.4.2]. Our
proof of Proposition 2 essentially follows the same strategy. A finer analysis of the
minimizer itself, which in particular captures its logarithmic tail, is in [8], again in
the case of a Néel wall limited by anisotropy. This requires a rather subtle analysis
which is quite different from ours.

Let us briefly address the following three questions
A) Could we have guessed the scaling (27)?
B) When does the thin—film approximation seem reasonable?

C) Which predictions w. r. t. 4 may be drawn from Proposition 27

Question A): Observe that in the thin—film approximation (25), the magnetostatic
energy is the square of the homogeneous H? ((—w,w))-norm of m;

1 d

7 |n| 2 _ & 1 2
%: 2w |m17n1| - 2 ||(dl‘1)2m1||lx2((7waw))

Hence, as opposed to (20), (25) keeps the nonlocal character of (12). Without the
exchange—energy term, the infimum ey, would be zero, since Hz ((—w, w)) fails to
embed into L ((—w,w)): One can construct a sequence of winding magnetizations
(13) with vanishing H? ((—w, w))-norm. Hence we expect
wt
ethin(data U)) < t2 for ﬁ > 1;

the latter being the single non—dimensional parameter. The failure of the embedding
of H2 ((—w,w)) into L®((—w,w)) is a consequence of the failure of the embedding
of H' into L™ in two space dimensions (since H? ((—w,w)) is the space of traces
of H'((—w,w) x IR)-functions), which is a classical fact: H'-functions may have a
logarithmic singularity. But this embedding barely fails: The spaces Hz ((—w, w))
and L*®((—w,w)) have the same scaling — both are scale invariant in fact. Hence
it is not surprising that a logarithm appears in Proposition 2

t
for we > 1.
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The fact that the correction term contains a double logarithm is not so obvious —
it is a consequence of the nonlinearity — and requires some work.

Question B): The proof of Proposition 2 suggests that the minimizer has a core and
a logarithmic tail with

2
size of core ~ 7 possibly modulo a logarithm,

size of logarithmic tail ~ w,

This gives an additional meaning to the condition (26). In particular, the smallest
length scale is of order d—:. This scale is much larger than the film thickness ¢ if and
only if

T < d. (28)

Hence we expect (27) to be a good approximation as long as (28) is satisfied. In
Subsection 4.3, we shall see that this is too pessimistic by a logarithm.

Question C): In view of the answer to B), Proposition 2 predicts that for sufficiently
thin films in the sense of (28) and for sufficiently far-away walls in the sense of (26),

we have )
1 1 t\"d .  _,wt
8 /,L(d, t, 'LU) ~ 8 Mthin(da t, 'LU) ~ —T (8) E n ﬁ
We obtain a quadratic growth of the potential in ¢ instead of the desired sublinear
growth (19). Also the correction term does not indicate a cross—over in the ¢-scaling

to sublinear growth.

(29)

4.3 The intermediate regime

So far, we were not successful in identifying a regime with (19), c.f. (24) and (29).
We studied both extreme regimes and thereby necessarily covered the two possible
leading order scalings of e. But of course we did not cover all possible first order
corrections that way — there will be more than the two extreme regimes for the
first order correction, which we call intermediate regimes. Since w does not appear
at leading order in the thick—film regime, it is indeed important to look at the first
order corrections. In some intermediate regime, the first order correction will be
determined by the cross—over in f. This is our only chance to uncover a regime
with (19). More precisely, the only chance is an intermediate regime, where the
leading order scaling is a la thick—film (and thus w-independent) but where the first
order correction comes from the cross—over in f. This is exactly what we will do in
Theorem 1.

From experiments, it is well-known that these intermediate regimes (which must
be close to ¢t ~ d) are very rich: It is at these thicknesses where one observes the
transition from Néel to cross—tie wall and from cross—tie wall to the asymmetric
Bloch wall [7, Fig.3.79].

15



Theorem 1 Suppose the wall distance is sufficiently large and the film is moderately
thick in the sense of

(30)

Then we have

An ad—hoc analytic approximation of the minimizer in an analogous regime was given
in [10]. As noted earlier, only the case of walls limited by anisotropy is considered
in [10].

Let us address two questions

A) What predictions w. r. t. 4 may be drawn from Theorem 17

B) To what extent could we have guessed Theorem 1 from Propositions 1 and 27

Question A): We indeed have identified a regime, namely (30) in which we have

1 d
Eu(d,t,w) - —47; !

Question B): As can be easily checked, the cross-over between the leading order of
tnick 1N (22) and ey, in (27) happens for moderate thicknesses

t 1 w
— ~ In—.
d d
Hence we would indeed have guessed the leading order
8dt for L >>In%
~ d d
eld,t,w) ~ { 12 In~! Qj—t for 5 <Iny }

We also can successfully guess the scaling of the correction term: We start by observ-
ing that the Fourier multiplier is dominated by either homogeneous approximation

f(z) < min{z,1}.
This implies of course that
E(m') < min{Eypick(m'), Epin(m') }

and therefore
e(d,t,w) < min{empick(d, t, w), epin(d, t,w)}. (31)

Moreover, as we pointed out in Subsections 4.1 and 4.2, the minimizer of Fy;.,

my,;.x lives on length scales d, (32)

16



whereas the minimizer of Fy;,,

2
my,.,, lives on length scales from " to w. (33)

Therefore it seems reasonable that the true Néel wall m* combines features of the
thick—film Néel wall and the thin—film Néel wall. A certain fraction of the rotation of
m' near the center is done according to the narrow thick—film scenario, the remainder
is done in line with the broad thin—film scenario. To fix ideas, let us think of a convex
combination on the level of the m;—component

my = AM] gier + (1= A) M7 10,
which ensures mj(0) = 1. Since the magnetostatic energy is quadratic in m; (and

the exchange energy at least strictly convex in m;, see Lemma 8 below), and thanks
to the separation of scales (32) & (33), it seems reasonable to assume that

Q

E(m") A2 E(m:hick) + (1 - )‘)2 E(m:hm)

~ A Epick(Mihic) + (1 = A)? Eupin (Mihin)-
Optimizing in A would yield

~
~

1 1 1
. +
€ Ethick Ethin

— a refinement of (31). We now plug in the leading order expressions from Propo-
sitions 1 and 2

e 8dt 2
wt, 8 d
8dt<+(nd2)7rt> (34)

We observe that (30) implies 1 < In{ < In%, so that

wt w t w

d

Therefore, again according to (30), (In %) ¢

we would obtain

is a small perturbation in (34). Hence

which gives the right scaling for the correction term, but the wrong constant. It is
not surprising that the constant is wrong since the functional is not quadratic in
my, which matters for the thick—film wall.

17



5 Proofs

5.1 Proof of Proposition 1
It is convenient to measure length and energy in the reduced units
21 = diy and  Epin = dt Epicr.

Then

. D dm/ R w R
Ethick(m') = /ﬁ;|di‘1 |2 dl'l +/712; m% d.fUl

- /“i(jg Pdiy+ [ cos?0di = Euen(0),
— 1 —

where there is a single non—dimensional parameter w

. w(ié)1
W = — )
d

Our goal is to show that in the regime (36),
rnain Ethick(ﬁ) —8 =~ 2exp(—w),

where the minimum is taken over all  with

In the sequel, we will drop the hats.

This variational problem admits a minimizer #*. The Euler-Lagrange equation is

given by
d29* 2 pnx
223 +d9*(cos 6*) = 0.
The first integral is
d aor ., 9 el
%[—(dx) + cos” 0*] = 0.

According to (38), the range of #* is IR. Therefore cos? #* will be zero for some .

Hence there exists an € > 0 s. t.

df*
( - )2 = cos?0* + €%
The case ¢ = 0 is ruled out as a solution of (%)2

= cos20* could never satisfy

(38). Hence € > 0. Since #* is smooth and cannot — in view of (38) — be monotone

decreasing, we must have

do*

o = (COS29*+62)%.

18
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Thanks to a translation, we may always assume
0:(0) = 0 2L 9 (2w) = +r. (40)
It then follows from (39) that

6* is a monotone map from (—w, w) onto (—m, 7). (41)

€ is implicitly determined by

m 1 w 1 de*
/ y 1 do (g) / dx T (2) w
0 (cos?f + €?)2 0 (cos? B + €2)2 day

or — by symmetry —

NE]

/ ;ldﬁ =2 (42)
0 (cos?6 + €?)2 2

Since the 1. h. s. of (42), 1. e

(ME]

1

/ ———df (43)
0 (cos?f +€2)2

is bounded if € is bounded away from zero, we deduce from (36) that necessarily
e < L (44)

On the other hand (43) diverges logarithmically for ¢ = 0 due to the singularity at
¢ = 7. Hence

2 1 2 1 1
[t %[ cdo X -
0 (cos?f+ )2 0 ((0—75)+¢€)> €

and thus by (42)

€~ exp(—%). (45)

We now have all the ingredients to analyze the minimal energy

w dg* 9 w
— d / 26
e(e) /w(dxl) T, + » coS i
™ 1 ™ 2
(39)(41) / (cos* 0 + €*)z df + Lgl do
- -7 (cos? 0 + €2)2
_ /W 2 cos? ) + €
- (0052 0+ 2)z
_ A 2 cos? 0 + €2 20050+
0 (cos?6 + 62
We observe .
e(0) = 8 /2 cosfdf = 8. (46)
0
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and

de 3 1 3
gy / <7> do.
de ¢ 0o \cos?f + €2

Since the last integral diverges for € = 0 due to the singularity at 6 = 7, we have
according to (44)

3
de 3 € 2
— = 4/ i — do
i~ (i)

l

oo 1 2, oo é ~
~ e [ 0 =de[ = df = de. (a7
0 (92+1> o df (,/g2+1) 47
From (46) and (47) we obtain as desired
45
e(e) —8 ~ 2¢ 2 exp(—w).
O
5.2 Proof of Proposition 2
It is convenient to measure length and energy in the reduced units
Ty = ’LUI,IA71 and Ethin = t2 Ethin-
Then
B’y = ¢ [ 190 gy 4 30 T, (48)
n(m') = ¢ - T my |,
th —1 diy ! a2 R
where
T
Mip, = ﬁ /_1 e'mmr ml(sﬁl) di‘l
and € is the single nondimensional parameter
d* (26)
€= — < 1.
tw
Our goal is to show that in this regime,
1 Lo In ln%
(In =) min Eypjn (m') =m0 ~ =75, (49)
where the min is taken over all m' of the form (10) with
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In the sequel, we will drop the hats. The upper bound with the scaling indicated in
(49) will be established in Lemma 4, the lower bound in Lemma 7.

We start with a few observations. Because of |m/ |2 =1, Ejpin can be expressed in

terms of m; € [—1,1] alone:

1 1 dm1 ™ |

2 n| 2
—Ydx, + E m
(dxl ) 1 » 2 | 17n1|

Eipin(m1) = 6/

11 —m?
with the understanding that

1 (dm1)2 +oo ifmy ==+£1 and%;«éo
dxy B 0 ifmlz:tland%:() '

2
1 —m]

Furthermore, (50) implies that there exists an xy with m(zy) = 1, so that by
translation invariance of the integrand we may assume w.l.o.g.

my(0) = 1.
Hence we have to minimize Ej;, among all my: IR — [—1, 1] with
mi(r +1) L —m(z) and mi(0) = 1. (51)
In a first pass, we will replace Ey;, by the quadratic functional Eypp,

L dm T|n ~
Byaa(m) > ¢ [M (@2, 5 T, B m). (52)
1

-1 2

Let m7 denote the minimizer of Eypin among all m; with (51). The first lemma gives
the explicit formula for m} in Fourier space.

Lemma 1 The Fourier coefficients of m] are given by

V2

. 1 —————  formn, odd
Mg = 3o 4 2mentom] TR (53)
0 for ny even
where )
A —In-| 2 1. (54)
€
We also have . .
|(In =) Ethm(m’{) — 7| S ln~t = (55)
€ €

In view of (52), this yields the suboptimal lower bound

1 1
(ln E) Hnl":lln Ethin - T fz F, (56)

AN =
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which we will improve upon towards the end of the proof of Proposition 2. But first
we consider the upper bound. We cannot use mj as an upper-bound construction
— its energy is infinite

Ethm(mi) = —+00.

Indeed, the variational problem for m7} is a compact perturbation of

.. L dmy
minimze € [ (

——)?dz; among all m; with (51).
-1 dl‘l

Hence we expect

* *
dmj dmj

B d.’L’l (0+) - dl‘l

(0—) > 0.

We thus need another approach for the upper-bound construction: Lemma 1 sug-
gests to view m] as a regularized (on length scale €) and normalized (by A*) version of
the function ¢, given by its Fourier coefficients ¢g,, = |n—‘/1§‘ for ny odd and ¢, =0
for n; even. For the upper-bound construction, we will consider a different regular-
ization ¢ (on lengthscale 0) of ¢: the harmonic extension of ¢y. Lemma 2 identifies

the real-space representation of ¢g.

Lemma 2 The function

1

ps(x1) = (=)™ In (57)
nzl \/(«Tl —n1)? + 02
is well defined and has the Fourier coefficients
V2
Gsm = § |mi] exp(—m [n1[d0)  for ny odd 58)

0 for ny even

In Lemma 3, we will estimate the energy of the normalized ¢5. We then optimize in
6 (0 = € In %) and so obtain the desired upper bound.

Lemma 3 We have

1 Inln 1
(In =) min Eypip(m') =7 S Sl
€ m

(59)

Ini -~
€

The remainder of the proof is devoted to filling the gap between (56) and (59).
Obviously, we may not totally neglect the nonlinearity in the exchange energy, as
done for (56). The idea is to interpret Ey;, as a perturbation of Ej;y,:

. Lm?2  dm
Einin(m1) = Eipin(my) + € /71 1_ ;n% (%11)2 dxy
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and to write the minimizer m; of Ej;, with (51) as a perturbation of the minimizer
m’{ Of Ethin

¢ = my —my satisfies ((r;+1) = —=G(x1) and ((0)=0.  (60)
Since By is a quadratic functional and m] its minimizer, we have
Ethin(ml) - Ethm(m’{) = Ethin((l)-
Hence we may write

Loomi dmy,

Eipin(my) = Ethm(mT) + Ethin((l) + € ) dxy, (61)

11 —m? Vdxy
which is our starting point.

We first show that m] has indeed a logarithmic tail outside a core region of size e.

Lemma 4 We have

2

€

|)\*m’{—¢0| N (m) fO’f' 0<|l'1|<<1
1

We now bound the last term in (61), i. e. the nonlinear perturbation, from below by

a linear term which is much larger than the linearized exchange energy, at least in

the core region.

Lemma 5 For

> €, (62)

we have )

1
€ / M g 2 / (A g (63)

11—m? dxy dml

The next lemma is crucial in getting the correct order of the correction term, i. e.

Inln X

T in the lower bound.

Lemma 6 Let
e K€ 0 K 1. (64)

Let the 2-periodic function u have a logarithmic behavior over (€,0) in the sense of
2«
/ (u—1u)tde, & a forale< a <, (65)

where u denotes the mean value of u on («,2 ). Then we have for any 2—periodic
function (

7 |na| ) sod .
Z 2 |<n1| +5/€ (dl‘l (C U)) dl’l lne.

ni
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Together with (55), the last lemma establishes the desired lower bound:

Lemma 7 We have

lnln%
ln% '

(In %) (Ethin(ml) — Eppin (m’f)) <

PRrROOF OF LEMMA 1. Ey;, has a nice representation in terms of its Fourier coeffi-
cients

~ T
Ethin(ml) = 5 Z (271—6'”? + |n1|) |m1,n1|2'
ni
On the level of the Fourier coefficients, (51) translates into

Mg, = Mi_p, Miy = 0 forn, even, and Zml,m = V92, (66)

ni

where the bar denotes complex conjugation. The minimization of Ethin among all
{my p, }n, with (66) can be carried out explicitly. The Fourier coefficients of the
minimizer m; are indeed given by (53), where Lagrange multiplier A\* ensures the
last condition in (66), and hence has to be chosen as

A= Z

ni odd

1
2ment + |ny|

In particular, we have

Let us now show (54). Indeed, on one hand we have

0 1 00
/ —dz = / i<ln#> dz
1 2mez2 + 2 1 dz 2mez+1

1+27me 1 27
= In—— =In-—-In———,
2Te € 1+2me

so that

oo 1 1
/ — dz—In— ~ —In27 ~ —1.
1 2mez2 42 €

On the other hand,

1 o0 1
> 2—_/ s
noa2meni +lm| i 2mez? +2

ni+2 1 1
-/ S dz
n 2meni+n,  2mez? 4z

ni>1
m+t2 /] 1 1
= / — —=)dz ~ > — ~ 1
n Z n
ny odd n1 1 n1 odd 1
n1>1 n1>1



This proves (54).
In view of (67), (54) implies (55):

(54)
1, - (67) T 1 < 1 (54 ,11
In-) E(mj7) — = —|ln-=X|] ~ — & In " -
) By —a] @ Tjml x5 L% ]

PROOF OF LEMMA 2.
We start by arguing that (57) is well-defined. In fact, ¢5 is the harmonic extension

¢ of ¢p in the two variables (z1,x3), evaluated at x3 = §. We will argue that the
latter, i. e.

_ 1
T1,x3) = —1)™ In n 68
#o1, 25) %:( ) (1 —n1)? + 23)2 (68)
is well-defined. Indeed, since we can write ¢ as
$($1,$3) = Z Cz(xl + ny, x3), (69)
nieven
where the second order difference
~ 1 1 1 1

1
d(x1,23) = In———F — =
(ef+ad)? 20 (a1 = 1) +a3)?

has good decay properties, i. e.

- - 1

|p(x1, 23)] ~ for 2 + a3 > 1,

x? 4 a3

¢ is well-defined.

We now give the argument in favor of (58). The function (68) of two variables is
known to be a fundamental solution:

- (% + @> = 27 3 (=1)™ 8((x1,33) — (n1,0)).

2
Oxs

In particular, it indeed has the symmetries as suggested by the formal representation
(57), that is,

¢(l'1 + 1,1'3) = —QZS(l'l,.ng).

Hence if the function p: IR — IR has the same symmetry as ¢o(z;), that is,

pler+1) = —pla), (70)

the convolution .
u(zy,w3) = [1$($1 — y1,w3) p(y1) dipn (71)
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solves

B (82u 0%u

a—x%—l—a—xg) (x1,23) = 0 foruws #£0,

(gug(frhoﬂ—g—i(xlm—)) = 4dmp(z1).

From this, we gather that

TN T1

1
u(zy, x3) Zum exp(—m |nq||z3]) ﬁ e , (72)

where the Fourier coefficients wu,, of u(x,z3 = 0) are related to those of p by

2
Uy, = - 73
=’ (73)
On the other hand, we deduce from (71)
= \/Ed)oml Pry - (74)

Since the real functions ¢y and p obey the same symmetry (70), we infer (58) for
d =0 from (73) and (74). Like in (72), we have

¢5,TL1 - eXp(—T(' |TL1| 6) ¢0,n1-
This yields (58) for § > 0. O

PROOF OF LEMMA 3.
Our Ansatz for the upper bound construction m, is the normalized ¢; from Lemma
2, 1. e.

¢6($1)
¢5(0)

where the length scale § < 1 will be chosen at the end of the proof of this lemma.
One can see from a resummation as in (69) that ¢s attains its maximum in z; €
{---,-2,0,2,---}. Hence |¢s| attains its maximum for z;y € Z. Therefore (75)
defines an my with |m;| <1 and |m;|=1if and only if z; € Z. We will show that
exchange and magnetostatic energy behave as

(75)

mq (.’L’l)

don S St

6/11—ml(alx1) xl 5y (76)
1 1

> Il fmam, 2 =2 1n" 5 S I 5 (77)

ni

At the end of the proof, we will select §.
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Let us begin with the estimate of the linear magnetostatic energy (77) for which we
use the Fourier representation of ¢s. In view of

1
|#5(0) = In | ST (78)
(77) amounts to

1
Z |n1||¢5,n1|2 -2 lng s 1, (79)

indeed:

1
Z |n1||m1,n1|2 -2 ln 1 g

ni

7 (S sl =25 ) + 2D % 6,0

(79)

SON | 2(In 5 + ¢5(0)) . 1

~ 5(0)2 ¢5(50)2 In? (In 5 ¢5(0))
(78) 1

fs ln_2 g

We now argue in favor of (79). According to Lemma 2, we have

> Inillgsm [ = 2

ni ni odd | |

exp(—27|nq|9).

Therefore (79) can be proved using the same argument we used for (54).

Let us now consider the nonlinear exchange energy (76) for which we use the real—
space representation of ¢5. We will argue that the leading order contribution to the
exchange energy on (—3, 3) comes from the “near—field”

. 1
¢5(l‘1) = In m, (80)
- bs(x
my(zy) = ¢~5( 1).
5(0)
We also consider the “far—field” of ¢;:
1
w(s(l'l) = (—1)”1 In T
m%:o ((z1 —m1)* 4 6%)2
and observe
d
s is smooth on (—1%,2) uniformly in § and d%( ) = 0.
4a1
Together with
~ 1
#5(0) =~ ¢s5(0) = In 5 (81)



we obtain

d -
d_lxpf < (ln—l 1) |:C1| |dm1 |
$5(0) 8 3 + 42 dry
We conclude y . -
mi o mio
—) ~ (— ——,=). 82
(G ~ (G on (—50) (52)
Likewise, we have
T ~

95(0) — s(r)| <€ (1 + (527) = §s(0) — dolan) formr € (~5, )

J

and thus -
?5(0) — ¢s(z1) ~ ¢5(0) — ¢ps(x1) forx; € (_57 §)a
which together with (81) yields

. 1 1 11
I—my ~ 1—my or T— ~ T on (—5,5) (83)
(82) and (83) combine into
1 dm1 2 1 d’ﬁ’Ll 2 11
) Y T ) o g
Hence in view of the symmetry my(zy + 1) = —mq(z1), (76) will follow from
Ll o dimny, <€, 1
(M2 S St 84
6/_11—771%(4:51) TS (84)

Let us now establish (84). We observe that

s In(z? + 62) 1,1 Ty,
We thus have
1 dmy |, 1 dmy |, ! 1 x]
—) < —_— 2(In" =
1—m? " dr )< 11—y dry (In 6) In((2)2 +1) (af +02)’
and hence as desired
o 1 ding € . 1. [ 2 3 A
—— (—)dz; < =(In "= / diy.
6/001—m%(dx1) ns WS | o h@Ee) @i

It remains to choose § > €. To this purpose, we observe that (76) and (77) yield
Epin(my) — 7 In”! 3 S % In~! < +1n~2 .
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which we write as

1 636 elnl Inl Ini
In =) Epin — ~o— —£ £ £ _1]. 85
(ne) th (ml) T 6ln%+ln2%+ ln% ( )
We now see that
1
0 = eln—
€
is a good choice. Indeed, we then have
1 1 1 1
In- = In-—Inln- §1 In —
) € € €
and thus for each term appearing in the r. h. s. of (85)
eln% 1 N 1 et lnln%
5111% ln% - ln% ln% ’
ln% 1 Inln *
ln2% - ln% 1 % ’
ln% 1 — lnln% N lnln%
ln% - ln% - ln% ’

PROOF OF LEMMA 4.
We will drop the subscript 1 in the sequel. Our starting point is the explicit Fourier

representation of m* and ¢y from Lemma 1 resp. Lemma 2. We immediately see
that

u = ¢0 —\*m*
has the Fourier coefficients
V2 V2 o 9
w = 1Tl T Zmentim < V252 for nodd
" N .
0 for n even

Therefore we have

2me innD 2Te
u(z) = ——— ' = 2 ————— cos(mnx).
(z) n%d27re|n|+1 nggdd%ren—i—l ( )

If we had a Fourier transform representation of u (instead of the discrete Fourier
series representation), we would obtain the desired decay through integration by
parts. We mimic this in our discrete setting:

1
u(z) = = 21 (sin(m (n+ 1) z) — sin(7 (n — 1) ))
sin(7 z) ng;)dd 2mentl
]. 2 2 .
= — A — —2TC sin(mn x)
sin(r ) nZZZeUm (2 (n—D+1  2Zme( +1)+1)
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= : . Z (27re(nfl)~(k21;r(€2)jre(n+1)+1) Sin(ﬂ'nl‘)
Sln(ﬂ- l‘) n>2even
(27e)?

B Z 2me(n—1)+1) (27e(n+1)+1)

1
B (7I' ) n>2even
(cos(m (n+1)z) — cos(m (n— 1) x))

X
_ cos(mx) (27e)?
~ sin’(nw) 2me+ 1) (2me3 +1)
1 Z ( (27e)? B (27e)? )
SIHZ( ) oty (2men+1) (27 e(n+2)+1) (2me(n—2)+1) (2men+1)
X cos(mnx)
_ cos(mx) (27e)?
~ sin’(nw) 2me+1)(2me3 +1)
4 ) cos(mnx)

(27e)? 3
sin2 (71' l') nSTadd (2men+l) (27me(n+2)+1) (27e (n—2)+1

In particular, we obtain

and thus as desired

PRrROOF OF LEMMA 5.
From Lemma 1 we know

|Ethm(m’{) —7In

Together with the upper bound in Lemma 3, i. e
! Inln
Ethm(ml) — 7 In”! c S thl’

we obtain from the decomposition (61) that in particular

_ Inlnl
LG < BunlQ) & o
Since (;(0) =0 ( c. f. (60)), we have
z1 d < 1
atenl < |[" 50 < (1] [ G2 ) ar
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Now ¢ is defined in (62) such that

1
1 ) 1)\2 €
Let us write
1 —m]
= {(1-Im"=In— ) + (In"! 1) (mi —Xm}) + ((In7' )N —1)ymj]
€ |1 € |1 ! € 1
ln |$1| — 1 * * 1 * *
= lné + (In 12)(lnm—)\ m}) + ((In IZ)A —1)m}
= T1 + T2 —|— T3.

For T we observe that

1 0 Inln L
')ln- < nnle for e < || <.
€ € In =

€

T < (n-

We bound T, with help of Lemma 4

41 1 € 1 Inln t
T ~ (In 12) <|¢0($1)—1H—|+(—)2> < In!

< - K < fore < x| <.
|1 | |1 | In ¢

€

According to (54) we have

1 Inln X
T3] ~ 7' = < T
€ ln;
Hence we obtain
Inln ! (Inlnl)s €
x| < € € _ =
|1 —m] In 1 < T T G for e < |zq] < 0. (87)

Combining (86) and (87), we obtain for m; = mj + (;

11 —my| S g for e <] <.

resp.

5 for e <] <.
This yields (63).

PROOF OF LEMMA 6.
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Let C' < oo denote a generic universal constant. We extend ¢ harmonically onto
(z1,23) € IR* so that we have

7 [n4] 2 _ o0 8{ )2 4 8C 2
> 5 G l™ = 4// 8:51 a263) drsdr. (88)

ni

By the trace theorem and a scaling argument, we have

27]6

2oy 8C 2 9¢ 12 k =2
/2 (k+1)/2 (k+1) 8x1 (axS) dryde = 2 /2—(k+1)(C_C) dzy, (89)

where ¢ denotes the mean value of ¢ on the x;—interval (2= +1) 27F) Likewise, we
have by Poincaré’s estimate and a scaling argument
27k d )
C [ (€= w)? day

o—(k+1) " dxq
27]9

> @ [ (-0 -C=w) dn

> (@ (( [ mwran) - ([ o) ) )

Now (89), (90) and our assumption (65) combine into

9—(k+1) aC aC
/2(k+1)/ 2 ( )2dl‘3dl‘1

2= (k+1) 8x1 0x3

d
2 k/z (k+1)(dx (C—U))2d$1}

> ([ -0

+ ((/;(:H) (u — u)? dm1>

> okl 8 (
- 2 Jo—(k+1) Y

M

_ (/22<:+1)(C — )2 de> ;)2}

- 17,)2 dlUl 24 1,

provided € < 27% <« 4. Given two nonnegative integers kpin < kmaz, We sum this
estimate over k € {kpin, - - -, kmae } and use (88)

T In _ ) 2= kmin d
DR R N e (it P

n1 2 —kmaz+1 d"[,’l

2= *min © 2= kmin d
R /2 / (—C)2 + (=—= 0 2 )2 das day 4 27 Fmin / (— (¢ —u))*dr,

(kmaz+1) axl ax?, 2*(kmam+1) de'l

kmaz (k+1) ac aC
> 2 2
b dxsd

k%':nzn /2 (k+1)/2 (k+1) axl (axg) T3 0T

2k d
—k 7 - 2

vt [ ()
S 2_kmin
~ kmam — kmm + 1 ~ ln m
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It remains to choose the two nonnegative integers ki, < Kimae sSuch that
9 kmin  § and 2~ (kmatl) o ¢
which is possible according to (64). O

PROOF OF LEMMA 7.
According to (61) and (63), we have

Einin(my) — Eypin (m?)
dm1

- 1
= Euin(G) + € /71 (d—%1

T |n| ) 5 dmy
E n 5/ —)°d
n1 2 |C1’ 1| + € (d.'L’l) a

mi

)2 dl‘l

2
1 —my

v

51 TN 1
=In 2_{2 | 1||(1HZ)C1,n1|2

€ Yo 2

4 /j (d% ((m%)g + (ln%)mf>>2 duy ). (91)

We now wish to apply Lemma 6 to

1 1
¢ == (In-)¢ and w := —(In-)m]j.
€ €
We have to verify (65). Since according to (54), A\* & In <, we have to show that

2a
/ (Nmi — N m)2de, 2 a foralle < a < 4. (92)

(07

Indeed, we have on one hand according to Lemma 4 that \* m] is close to ¢ in the
sense of

2a % 2a 1 2a 1 2 %
| (/ (Nmi — X m»{)de1> - / <ln— _1 / ln—dy1> dr | |
« « |£U1| « |y1|

%~%<<\/&. (93)

«

N
VS
h

R
—
Bln
N
[\]
QL
S
S
N——

On the other hand, ¢, is close to log ‘x—ll‘ and we thus have the well-known property
of the logarithm log ﬁ

20 1 [2a 2 20 1 1 22 1 2
/ <¢0(x1) S— / bo(y1) dy1> dr, =~ / (ln — = / In — dy1> dxy
« o Ja « |1‘1| @ Ja |y1|
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The estimate (92) now follows from (93) and (94). Hence the application of Lemma
6 on the L. h. s. of (91) yields as desired

Epin(mi) — Epin(m}) 2 (In"? =) In

5.3 Proof of Theorem 1

We pass to the same reduced variables as in Proposition 1:
21 = di, and E = dtE.

Then

. dm f
E(m') = / e 1+Zf |m1n1|

where m; 5, denote the Fourier coefficients

1 D irn EL . .
mis, = - l/ e o my(2q) diy
(2w)z /-

and where — as opposed to Proposition 1 — there are two non—-dimensional param-
eters 1 and  which according to (30) satisfy

N t
w;:%>>1and i < = - < . (95)
Our goal is to show that in the regime (95),
. - / ]- ~
min E(m') —8 ~ —47 = Inw, (96)

m/ t

where the minimum is taken over all m’ of the form (10) with

In the sequel, we will drop the hats.

The natural strategy is to write the variational problem (96) as a perturbation of
its thick—film approximation (37). More precisely, we will view

e m as a perturbation of the minimizer m* of the thick-film approximation
(normalized by 6*(0) = 0),

e F as a perturbation of Fyp;cs.
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For the latter we observe that in view of f =1 — ¢, we have

E(m') = Emiar(m') — 3_ gl )Ima, [, (97)

ni

where ¢ is defined in (7). As in Proposition 2, it will be convenient to express the
exchange energy in terms of my alone

d d
/ mdl_/ ﬂmldxl,

where
1

Slp.m) = T

Therefore the Euler-Lagrange equation for m] can be written in terms of

(grad Epicr (m7), 1)

= [ oo md G oo m b asy 4 2 [ miGuaan = o.

We will use the Euler-Lagrange equation in the following form

Ethick(ml) - Ethick(mT)
B w dmy dm{ "
- / {d)( d.’L’l 7m1) ¢( dl‘l 7m1)

- dmj d d
oy i) T2t~ o () Gy day + [ o, (98)

where
*
G = my —mj.

We now split the energy into four parts

E(m)
wt|n
&0 Ethick(ml)_zg( 2| 1|)|7nl,n1|2
ni w
Tt|n
= Euick(m]) + (Ewnick(m1) — Epick(m7)) — Zg( 2|w1|)|m1’m|2
@) Ethz‘ck(mf)
dm1 dmi
+/ ) - ¢(d—l‘1, ml)
dm; dCI dmj *
— pqs( Lmi) o am¢(ﬁ,m1)c1}dx1
+/ CI dl‘l
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7rt n 7rt n - wtin
-l oy, P25y T oGy ) — T T

ni

=1—
/ = Ethzck(ml)

7rt|n1| 2
_Z 1n1|

d dmj
+/ Tt = o( m)

d
dm1 d(y _ dmi
p¢( ) o, amd)(—dxl ,m1) Cl} dx,

Tt |ng| t|n| S
+ Z f( 2w )|C1,n1|2 -2 Zg( 2w )Re(cl,ru ml,nl)
= T1 + T2 + T3 + T4.

We will show that the leading order term comes from 77, the first order correction
from T, and that T, and T3 are higher order. More precisely: In Proposition 1, we
have shown

Ty — 8 ~ exp(—w) (2) — Inw.
In Lemma 10 we shall establish

0< —-T, ~ % Int (2) % Inw.
It will follow from Lemma 8 that

T3 > 0.
We will show in Lemma 11 that
Ty z —47r¥ Inw,

for any (; with the symmetry (;(z; + w) = —((x1). This yields the lower half of

(96):
. ] > 1
ml,nE(m) -8 = —47r¥ Inw.
In Lemma 12 and Lemma 13 we will construct a ¢; with the symmetry ¢;(z; +w) =
—Ci(21), ¢(0) = 0, s. t. 1
95) 1
Ty ~ (2)2 (<<) — Inw

t t

and

QN

Ty —47r¥ In w.

This yields the upper half of (96). We now state and prove the lemmas. In the
sequel, we will drop the subscript “17.

Lemma 8 establishes a convexity property for the exchange energy integrand, which
is very useful for the lower bound.
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Lemma 8 We have

0 < o(p,m)—o(p*,m*) = 0pp(p*, m*) (p — p*) — Omb(p*, m*) (Mm — m")
< 2max { : _1m2 T (1m*)2} (p—p°)”

+ 8 max { 1 _1m2 = gm*)g }3 max {p?, ()7} (m — m*)”.

Lemma 9 collects all the relevant properties of the thick—film Néel wall.

Lemma 9 Consider the minimizer m* = cos0* of Ewpier among all 0 with 0(x +
w) = O(x) + m, normalized by 0*(0) = 0. It satisfies

)

m* = cosf* > 0 in (—

/E m*dx{ }71', /E |z m*dr ~ 1

i)

RERVAN

iii)
)Vim  for all odd n with |n| < w, Imry| < (
iv)

*

1—-m* ~ %22
. for x| < 1
~NooT

N[

dz ~

v)
w
m* X exp(—|z]) for 1 < |z| < 3

Lemma 10 shows that the true stray—field energy of the thick—film Néel wall m*
deviates from its thick—film approximation by a term of lower order.

Lemma 10

m|n|t 5 < 1
o|° ~ —Int.

n

Lemma 11 bounds by below the correction in the stray—field energy due to a per-

turbation ( of the thick—film Néll wall m*. This yields the leading order in the
correction.

Lemma 11

() -2 o)

n

Qv

—47r1 Inw
t
for all ¢ with {(x +w) = —((z).

37



We now introduce the upper bound construction m = m* 4+ (. Consider ( given by

)

for In| < v

Id t
1 w
Co = - 0 for 5 < In] < w 3 forn odd
1
ks Iiw for w < |n|
\ 7] J
and (, = 0 for n even, where \ is chosen s. t.

Lemma 12 shows that the upper bound construction ( realizes the leading order
correction of the stray—field energy from Lemma 11.

Lemma 12 The above ¢ has the symmetries

((rt+w) = —((z), ((x) € R and ((-z) = ((2) (99)

and satisfies

Zf( |n|t> [al® — Z ( |"|t> Re(Cu ) ~ —4W%lnw.

In connection with Lemma 8, Lemma 13 shows that the correction in the exchange
energy for our upper bound construction ( is of higher order.

Lemma 13 For the above ( we have

i)
i)
iii)

iv) We have |m| <1 and

/_j, A { 1 —lm2 = (lm*)Q} (%)2

3
1 1 dm. , dm* 5|
+max{1_m2,1_(m*)2} max{(dx) ’(dx ) }C dx

2
In w

N (T) where m = m* + (.
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PrROOF OF LEMMA 8
The first and second derivatives of ¢ are given by

2
Oolp,m) = T— =,
2m
Omd(p,m) = mZOQ,
2
azpd)(pa m) = 1 _ mg’
4m
2 _
apmd)(pa m) - (1 . m2)2 p,
2 8 m? 2 + 6 m?
0o (p,m) = ((1 —m?)2 + = mz)g) P = (1 —m?)3 P
Since
%0 > 0
and

det D’ = 02 602,06 — (02,0)’

2 8m? Am 2
1—m2ﬂ—mﬂﬂ)_<ﬂ—mﬂﬂv =0 (00

the matrix D%¢ is positive semi—definite. Hence ¢ is convex. This establishes the
first inequality of Lemma 8.

For the second inequality, we observe that

1 /g , g\ o) 0 o 9
3 (C) - D*p(p, m) (C) < Oppd(pm) ¢ + 0 (s m) €

2 8 p?
< 2
- 1—m2q+(1—m2)

7 ¢

and

%&ﬂl—(tmﬁl—wm"v} = ma"{l—lm2’1—<1m*>2}’
{ (tp+ (1-1)p')? }

elot) | (1= (tm+ (L — £) m*)?)3

t€[0,1]

VAN
B
V)
»
——
—_
|,_.
3
o
—_
|
~| =
3
*
e
H,—/
w

PROOF OF LEMMA 9: According to (39) and (40) in the proof of Proposition 1 we
have the implicit formula for 6*

0 (x) 1
/ S — (101)
0 (cos? 0 + €2)z
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Recall also that € is implicitly determined by

3 1
/2 ——dh = 2, (102)
0 (cos?f + €2)> 2
and that w
€ ~ exp(—g) < 1, (103)

c. f. (42) and (45). In view of the monotonicity of #* (c. f. (41)), this implies

0'(—5-

No| 8

T

— (LI 104
)= 20 (104)
which yields i).
We now tackle ii). We have

wlg

/ cos 0" dx (39 /7 cos . ﬂ
w Y (cos?0* +€2)2 dx
(104) /% cos

2
2 (cos? 0 + €2)3

i

do

Similarly,

/5 |z| cos 0" dx

_w
2

cos 0" dx

4 1
[
0 (cos? @+ €?)2

o 1 ‘ cos 0* do*
/ 1 d(P T dx
0 (cos?p+€2)2 (cos20* +€2)7 dx

4 1
/ ldgo‘ cos _
0 (cos?p +€2)2 (cos? 0+ €2)
|
/ dgp‘ o
~z|Jo cosgp
-2 [ dp df
o Jo cose

2, 1
:2/2—— dp ~ 1.
0(2 S[))(:oscp 7

From ii) we now infer the statements iii) on the Fourier coefficients




of m* = cos 0*. The estimate is straight—forward: Since |m*| is w—periodic, we have

1 w
mil < | (@) da

(2w)z J-w
= Gy [T )]
= w _% m \r W
(i 2 ;/% .
= — )2 d
2 [y
(@ 2
< —)2
< Gy

The leading order scaling for the Fourier coefficients corresponding to
n odd, In| < w (105)
is obtained as follows. Since for odd n, ¢/™™w m*(z) is w-periodic, we have
/ e m*(z) da
{/7 m*(z) dx + /E (e w — 1) m*(z) dx}.

According to ii) we have

According to i) and ii) we have

‘/i(e”"% —1)m*(x)dz

2

@ |n| (105)

The argument for iv) is easy: According to 6*(0) = 0 and (39) we have
do*
dx
From this and *(0) = 0 we obtain

0) = 1+6é)7 = 1.

m*(0) = cosf*(0) = 1,

dm” e dgt
o (0) = —sinf*(0) - (0) = 0,
dd;f; (0) = —cos(0) (CZ (0)> ~ sin0*(0) ‘;xi 0) = — (CZ (0)> ~ 1.
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Since € < 1 is a regular perturbation of the equation (39) for #*, this implies that

1—-mF
dm*
dx

QR

1,2
27 } for |z|] < 1
T

uniformly in w > 1.

w

We finally address v): From (101) and (102) we conclude for 0 < =z < ¥

(ME]
(ME]

L (| R
2 0*(z) (cos?f + €2)2 ‘@ (2 —0)+¢€)z

3 1
S
= Jor@) (5 —0) + €
1
— In [—(f 07 (2)) + 1],
€ 2
so that
1
~(5—0'(2) < exp(5 —2).
According to (103), this implies
m * <
5~ 0" (z) ~ exp(—zx). (106)
On the other hand, according to (104),
z—9*(x) >0 for 0 <z < v
2 2
Hence
(106)
T . < w
0 < §—H(x) ~ exp(—z) < 1 for 1 < z < 5
Hence 6" ~ 7. Since cosf) =~ 7 — 0 for § =~ 7, we have
(106)
* * i * <
m*(zr) = cosf*(z) ~ 3 —60*(x) ~ exp(—u).
The claim of v) follows from the symmetry m*(—z) = m*(z), which can be read
off (101). -
PROOF OF LEMMA 10:
We observe that
(2) sinh(z) 1 (1= exp(—22)) < 1
z) = = — — exXpl—4%z2
g zexp(z) 2z P =1 L
2z



Hence we obtain the estimate

7T|Tl|t * |2
2.9 ( o ) [y

n

w 1
> |m2|2+? ﬂ' -|?
In|<% [n|>%
* |2 w 1 * |12 w 1 * 2
Inf< w < [ w17

We consider the three terms on the r. h. s. separately: According to Lemma 9 iii)

we have 1 )
Z Im: > S o1 N i In ¢
In|< \n|<“’
and 1 1 1 1
w < <
N Z —mi? ~ < Z — ~ —Int.
tow o 0 towlpfcw It

w 1 < 1 7 |n| 5
> Lk 5 3 (T
¢ \n|>w| | " t || >w w "
1 v dm*
< = >d
- t/ (dx) v
1 do*
< - d
1 1
S 2 < Znt
t
O
PrOOF OF LEMMA 11:
We observe that also m* = cosf* obeys the symmetry
m*(x +w) = —m*(z).

On the level of Fourier coefficients, real functions with this symmetry are character-
ized by B
(o = (p and (n = 0 for n even. (107)

Minimizing the functional

Zf( '”'t> G~ 2% ( '"'t> Re(Gu 777)

among all Fourier coefficients with (107), we obtain the Euler—Lagrange equation

m|n|t B Tnlt)
() ¢ = (220
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since also m; satisfies (107). Hence we obtain the following expression for the
minimum

=360 (T

According to Lemma 9 iii),

> (9 2/f)( |n|t> Im:)? < %TZ S (g 2/f)< |n|t>.

n n odd

We observe that as a consequence of (8),

1

- for 2«1
@I ~ 4 ,

i for z > 1

so that the integral [§°(¢g*/f)(z)dz diverges logarithmically at z = 0. Since £ < 1,
we therefore have

t 2 w 2
> /) (T = 2o et 2y
nodd Tt t Tt
o
PROOF OF LEMMA 12:
The symmetries (99) follow from the following symmetries
o = Cp = G and (n = 0 for even n
of the Fourier coefficients. We start by arguing that
~ 3V8 ~ L. (108)

Indeed, A is defined via

24 w3’
In|>w
n odd
1 wst Pl W w>t>1
Z— o~ —dz:ln? ~  lnw
n 1z
T
n odd



For the estimate itself, we shall establish

Z f< |n|t> G2~ 27{'%11111), (109)
\n|<w

|2<:£9< JT> Re(Cumy,) = 4w%lnw, (110)
() e 5 G 1)
nl>w

|Z 9 (Z':jt> Re(Gumy,)| ~ t12 Inw. (112)

nl>w

We observe that thanks to  Inw < 1 and ¢ > 1, the terms (111) and (112) are
of higher order.

We start with (109). We observe
f(z) < z forall z, (113)

which can be seen by writing

f2) = 1= 5 (1 - exp(-22))

and using
1
exp(—w) < 1—w+§w2 forall w > 0.

We now have

1\ 2
1 m|n|t (113) 1 m|n|t (8w)?2
) f( >|<n|2 E 2 Z 2w (t In| )
2T

In|< In|<% nodd
1

:tz

In|<%,nodd |7’L|

=g

w>t 27 w

~ — In —
t t

w1 27T
~ - In w.

We now address (110). Since ¢ > 1 and thus ¥ < w, we have according to Lemma
9 i)
)% m forall |n| < %, n odd.

> g( '”'t> LBwE 2),

Therefore

Nt
VN
3
El
~—
=
)
o
S
ii
2

In|<¥ 2w In|<% n odd 2w n|
2 2 Tn|t) 2w
= 2 95 ¢
w |n\§%,nodd w m |n|
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Since

1
g(z)= =~ = for z < 1,
z z

the integral [5°g(z)Ldz diverges logarithmically at z = 0. Therefore we obtain

because ofé < 1.

wtln|\ 2w 2w . w
Y ooy ~ — In—
m|n|t Tt ot

In|<+%,nodd 2w
w>t>1 2W

Hence as desired

m|n|t ey A
> g( 5 ) Re(C,m,,) =~ ; Inw.

In|<%

We now estimate the term (111):

Inl>w mpw \ 2w ) [nf?
f§1 w” In?w Z 1
2 [n|>w |n|8
w2l In?w oo ld
2y 2
Inw
<
v G
We finally address (112). We use
1
g(z) < — forallz
2
and Lemma 9 iii) in form of
1
] & oy
We have
mn|t N
[n|>w
1% w8 Inw 3 minlt) 1 ‘)
Cme V2w )
(MA115) a1 5> 1
2 [n|>w |n|5
2wt lnw oo 1 p
RE /w »
< Inw

46

Zf< |n|t> G2 (1%8) w’ In?w Zf<7r|n|t>i

(114)
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Proor or LEMMA 13:
By definition of A\, we have

1

0) = _ N, = 0.
(0 = Gt X
Furthermore, £(0) = 0 follows from the symmetry
((=x) = ((x).

This establishes i).

We now address ii). In terms of the Fourier coefficients, ii) follows from
1 7 |n| 1 7 |n 2 < lnw
+ = S —,
TSl + o - s (T g s
which amounts to

1 Inw n In w
—;Z|Cn|”37 and —Z<| |> 1Gal ~ —

W2 jp|<w In|>w

This is indeed the case:

Z G| 1 1 “2' lnw
2 jn/<w t w17 t
and
1 In|\”
— > ] Gl = —Z|n| [«
w?2 [n|>w w |n\>w
(128) w Inw Z 1
t |n|>w |n|2
“Z21 Inw
t
Part iii) follows from
dg T |n| ’ 2
[Gre = ()
(128) 1 L4 w® In? w 1
2 2 6
Fw < 2 s Il
wz>1 1 N Inw)’
t3 t



We finally tackle iv). According to Lemma 9 iv)

* 1 2

1-m" ~ -z
I 2 for |z| < L.

dx =T

According to parts i) and ii) of this lemma

R
|% < Inw
dx t

Since Inw < t, this implies in particular

2

1-m =~ §x

dm for |z|] < 1.
— x

dx

We conclude from (116), (117) & (118):
| | dc
max{l —m2?2’1— (m*)2} (@)
1 1 ’ dm., dm* ,| .
+max{1 —m?’ 11— (m*)2} max{(%) 3 dzx ) } ¢

Inw
t

S (=) for |z| < 1.

This deals with the small |z|-values.
For the large |z|-values we observe that according to Lemma 9 i) and v)

w
|m*| S exp(—|z]) for 1 <« |z| < 3

On the other hand, we obtain from (116) and the monotonicity (41) that also

Im*| < ¢ < 1 for |z| ~ 1.

Together with part ii) of this lemma, i. e.

In w
t
we conclude
1 1 < < w
max{l—mQ’l—(m*)Q} ~ 1 for 1~ |z| < 3
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Thus

1 1 dc
maX{1 w2 1 - (m*)2} (@)
1 1 ’ dm dm*
b { o | ma{ (GG ¢

< G (a2

t
lm‘é«t d¢., Inw., dm*,
~ (%) +(T) (%)
d¢., ,nw , do*, < w
< (== — ~ < =
< (Epy @y or 15 < (120)

From (119) and (120) we obtain

w

[ e
pmac S e ) Y

1—m2?’ 1—(m*

Inw., 5 do* ., T dC .,
(e [ )+ [

We now conclude by evoking Proposition 1, which yields f?%(%)Q dr ~ 1, and

N

part iii) of this lemma. 0
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