N

HAL

open science

Circuits of ferromagnetic nanowires

Sergiy M. Bokoch, Gilles Carbou, Stéphane Labbé, Stéphane Despréaux

» To cite this version:

Sergiy M. Bokoch, Gilles Carbou, Stéphane Labbé, Stéphane Despréaux. Circuits of ferromagnetic nanowires.

Numerische Mathematik, 2024, 156, pp.1511-1540. {10.1007/s00211-024-01426-7). <hal-04628936)

HAL Id: hal-04628936
https://hal.science/hal-04628936v1

Submitted on 28 Jun 2024

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documents may come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaire HAL, est des-
tinée au dépot et a la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
francais ou étrangers, des laboratoires publics ou
privés.

Auto':izition
HAL Authorization


https://hal.science/hal-04628936v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

Circuits of ferromagnetic nanowires

Sergiy M. Bokoch*! Gilles Carbout Stéphane Labbé Stéphane Despréaux?
May 6, 2024

Abstract: in this paper we establish rigorously a one dimensional model of a junction of several
ferromagnetic nanowires. Such structures appear in nano electronics or in new memory devices. We
present also a numerical scheme adapted to this configuration and we compare our results with the
3d simulation obtained with the code EMicroM.
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1 Introduction

Since the beginning of the century, interest for ferromagnetic devices has increased, in particular
with the development of solid-state magnetic random access memories (MRAMs) [27, 28] and mag-
netic logic devices [1]. The main advantages of MRAM is the non volatility, involving low energy
consumption, and also their high reactivity [2, 31, 34]. The key idea is to exploit the multiplicity
of possible magnetization configurations in nanostructures to store information, via ferromagnetic
devices involving several geometry scales (nanowires, thin films, complex and bulk structures, see for
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example [27, 28]). This idea is also exploited in an alternative approach called DWs-logic (DW for
domain wall), explained in [1], based upon complex nanowires structures (see [3, 4, 5, 6, 26, 32, 33]
for experiments).

In this paper, our goal is to develop a reduced model of junctions of several ferromagnetic nanowires.
As in [18], we aim to obtain an equivalent one dimensional model for junctions. On the one hand,
the 1d simulations will be much more simple than the 3d ones. On the other hand, we hope that
theoretical studies about DW formation, stability and dynamics will be possible in this model, as it
is the case for simple devices [15, 16, 17, 18, 20, 21, 25].

Our study is based upon the 3d micromagnetic model introduced by W.-F. Brown [9, 10]. By asymp-
totic process, we aim to obtain reduced models of connected nanowires with whatever configuration,
both in the static and the dynamic cases. First let us recall the 3d model of ferromagnetic material.

1.1 Three-dimensional model

We consider a ferromagnetic body confined in an open bounded set O C R3. We denote by M(t, x)
the magnetic moment at time t and position x € O. We assume that the ferromagnetic material is
saturated so that the magnetic moment M satisfies the saturation constraint [M| = M. For static
configurations, the energy associated to a magnetization M : O — R? is given by:

2 )2
E.i.(M 2M2/ |[ViM|“dx + ;LO/ [ha(M)]“dx,

where A is the exchange constant, and pg = 47 - 1077 kg.m.s~2.A~2 is the vacuum permeability, and
the demagnetizing field hq(M) is given by:

curl h4M) =0 and div(hg(M)+M) =0 in R (1.1)

where M is the extension of M by zero outside O.

In the stationary case, the observed configuration are critical points of E under the constraint
IM| = M;. In the non stationary case, the dynamics of M : (t,x) — M(t,x) is described by the
Landau Lischitz equation:

oM ay
o =M< He— o

where v is the gyromagnetic ratio, « is the damping coefficient, and H, is the effective field derived
from the energy E and given by:

M x (M x H,), (1.2)

A
He = ijM + MOhd(M)

MS

We obtain a dimensionless model by writing:

1
5 and 7 =

t x
M(t,x) = Mym(=, =), with (2 = .
(8 %) (T f) poM3 YMs o

We denote by t = (resp. T = )2) the adimensioned time (resp. position). The adimensioned

,x) — m(t,z) is defined on R x 2, where Q = 0. It satisfies the saturation
1 for a. e. (t,z). We introduce the set H'(Q;S?) defined by:

magnetic moment
constraint |m(t, :c)\

H' (8% = {ue H'(%R?), suchthat [ul=1 a.e.}.

The renormalized energy is given by:

Epie(m) = ﬁE(M) — Eonen(m) + Egom (), (1.3)



where the exchange term is given by
1 2
gexch(m) = 5 |Vm| dx,
Q

and the demagnetizing term is given by

1
gdem(m) - 5/ ‘hd(m)|2 dl’,
R3
where hg(m) is obtained from m by the relations:
curl hy(m) = 0 and div (hg(m) +m) = 0 in R, (1.4)
where we denote by m the extension of m by zero outside . We remark that —hg(m) is the
orthogonal projection of m onto the fields of gradients, so that we have:

1

Edem(m) = —§/th(m)mdx

The static configurations m are the local minimizers of &,,;. in H*(£2; S2), i.e. under the saturation
constraint. Existence of minimizers is standard (see [30] for example). Partial regularity results for
minimizers or critical points are established in [19] and [11].

In the time-dependent case, the adimensioned Landau-Lifschitz equation writes:

%:—mxHe—amx(mxHe) in RT x Q,
H, = —0m&mic = Am + hq(m), (1.5)
%—”; =0 on 99,

For regular solutions, the previous equation is equivalent to the Landau-Lifschitz-Gilberg equation
we will deal with to construct weak solutions:

— —am x 8—?:—(14—042)m><H6. (1.6)

Existence results for weak solutions of (1.6) are obtained in [7, 12, 22, 30]. Existence of strong
solutions is established in [13, 14].

We will focus on the case of a ferromagnetic domain formed by a junction of several nanowires of
characteristic thickness n. Let us describe such a domain.

1.2 Geometry of the junction

We consider a junction of n ferromagnetic nanowires described as follows. The i*" wire, denoted by

W/, is a straight round cylinder of length L; and radius 7; directed by the unit vector @;. It is
described by the change of coordinates:
\:[17 : [07 Li] X BQ(O, ].) — R?’ (1 7)
(5,61,62) = (s + )i + Bin(&vi + §20), )

where the vectors @; and ; are chosen so that (i;, @, ;) is a direct orthonormal basis of R?, and
where 7; > 0. We assume that the @;, 7 € {1,...,n} are distinct two by two.

In all the paper, we denote A
J' = [O,Ll] X BQ(O, 1)
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Connexion point of size n << 1

Figure 1: Connexion of 5 nanowires of size proportional to 7.

The junction denoted by W is centered at zero, and its characteristic size is proportional to 7. It
is obtained by homothetic transformation of center 0 and factor n from a fixed pattern J°. It is
described by the change of coordinates:

vo: J% — RS

T T (1.8)

We assume that JO is star-shaped with center 0, and that for all i € {1,...,n}, J° contains the
disk D; of center ~;u;, contained in {ﬁi}l, of radius ; and that those disks are non-overlapping,
that is o
D,ND; =0 for i#j.

n
We denote by Q7 = U W/ the ferromagnetic domain of characteristic thickness 7. We assume that

i=0
JO is designed so that the boundary of Q7 is Lipschitz and C' by parts. We will parametrize (7
using the previous scaling in the following way:

We define F the set of the M = (Mg, M, ..., M,) such that:

e M; € H'(J%; S?) for i € {0,...,n},

o M;(0,&1,&2) = Mo(vitl; + B:i(£17; + &2;)) in the trace sense, for i € {1,...,n}.
We endow F with the norm:

1M1= = I Mill s ()
=0



For M € F, we define m” in H'(Q"; S?) by
m'(z) = M; ((¢])"(z)) for z € W} (1.9)
The trace conditions ensure that m7 is in H* (7).

1.3 Statement of the results in the stationary case

The micromagnetism energy on Q7 is given for m € H(Q7; 5?) by:

1 1
EN(m) = f/ |Vm|? do — = m-hq(m) dz, (1.10)
2 Jo 2 Jo
where hg(m) is defined by
curl hg(m) = 0 and div (hg(m) +m) = 0 in R, (1.11)

where we denote by m the extension of m by zero outside 27. The static configurations m" are the
local minimizers of the problem P":

P find m”7 € H*(Q7;8%) such that &, (m") <&, (v) for all v € H(Q"; 5?).

mic mic

Using the rescaling defined above, this problem is equivalent to the minimization problem set on F

P find M" € F such that E"(M") < EN(V) for all V € F.

The rescaled energy £7(M) = —5" (m) is defined by

mic

g ggacch + gdem’ (112)
with
. 1 "1 OM,; 1,0M;, 1 OM;
n _ - 2 - 2 i
Eeean M) = 5 /JOWMO' +;2/, (m as | Tplag e g )
and with

dem = _7/ MoHn Z B?MZHZ](M)7
Ji

where M (M) represents the rescaling of the restriction on W) of the demagnetizing field generated
by the magnetization m:

H](M)(X) = ha(m)(¥](X)).

We denote by H; ( ) the rescaling on W;" of the demagnetizing field generated by the restriction
of m on W}

'HZ](M) = (hd(Mi o (\I/?)fl)) o \:[l;7
We introduce the limit minimization problem: we define FO the set of the M = (Mo, My, ..., M,) €
F such that:
e My e H'(J? S?) is constant,

oM;  OM;
o6 0&

e M;(0) = My (from the trace conditions satisfied by the elements of F).

o M; € H'(J%S?) fori e {1,...,n}, =0 (M; only depends on s),



We introduce the problem P:

find M° € FO,
P ~ ~
E(M°) < E(V) for all V € FO,

where E(M) = Eegen (M) + ffdem(M) with

Eonen Z / ke

Remark 1.1. Using the saturation constraint |M;| =1 a. e., we should rewrite the limit demagne-
tizing field as:

ds and 5dem Z M 7;)? —|—(Mi~u_)’i)2)ds.

gdem Z 62 1-— M ’UHL) )dS

We establish in Section 2 the following F—convergence result:
Theorem 1.1. £" I'-converges weakly to &, that is:
o (lower semi continuity) for all sequence (M™), of F such that M" weakly converges to M for

the norm || || 7, and such that the sequence (5"(M”)> is bounded when n tends to zero, we
n
have that the limit M is in F° and
E(M) < hmlnfé‘"(M")

7]4)
e (reconstruction) for all U € F°, there exists a sequence (U™), such that

UneF,
U" tends to U weakly in F when n — 0,

lim sup EN(U") < E(U).

n—0

Taking into account the properties of the elements of F°, the I'-limit problem 7 reduces to the
following 1d problem: we define G by

G={m=(m;,m,,....,m,), m; € H([0,L;];S*) with m;(0) =my(0) =...=m,(0)}.

For m € G, we set

_ ;Z;/(JL B2(0,m,|? + iz;/oL B2 (1= (my - ;)%) .

Then Problem P is equivalent to solve the following Problem (Q):
(Q) findmeg, Vvedg, &m)<E(v).

The critical points m = (mj,...,m,) of £ in G satisfy the following Euler Equation:

Vie{l,...,n}, m;x (0ssm; + (m;-@;)d;) =0,
with the boundary conditions:

Vie{l,...,n}, 0Osm;(L;) =0,

and with the junction conditions:

rnnl(O) =my(0) =...=m,(0),

> B70.m;(0) = 0.
=1
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Figure 2: Limit domain for the junction of 5 nanowires.

1.4 Statement of the results in the time-dependent model

We consider now the time-dependent 3-dimensional model for the ferromagnetic domain 27 given
by (1.6). Existence of weak solutions for (1.6) is given by the following proposition (see [30, 7, 22]):

Proposition 1.1. Let mJ € HY(Q7;5%). There exists m" : RT x Q" — R3 satisfying:
+. 771 Om" ot 7o
e m" e LR, H'(Q7)) and o € L*(R™; L*(Q")),

o |m"(t,x)| =1 a.e. (saturation constraint),

o for all ¥ € C(R*; H'(Q1)),

om" om” & om™\ OV
- _ My 2 ) .U =(1 2 n .
/R+xm<3t BT ) ( *a’/RWQ”_Zl(m * o, ) O

(1.13)
—(1+ a2)/ (m" X hg(m™)) -0,
Rt xQn
e m"(0, -) =my in the trace sense,
o for almost every t > 0, we have the following energy inequality:
e t om"|?
ENie(m(t) + —— — | <&..(m"(0)). 1.14
L)+ s [ |G| < Eem(0) (114)




When 7 tends to zero, we prove the following convergence theorem:

Theorem 1.2. Let M° = (MJQ,...,M?) € F°. We define m®" € H*(Q";5?) by

mo’"(x) = MlO ((\I/?)fl(x)) for x e W]

We consider m" a weak solution for the Landau-Lifschitz-Guilbert equation with initial data m®"

given by Proposition 1.1. We introduce M" : RT — F the rescaling of m" defined by

M7 = (M7,... M),

n

with M (t, X) = m"(t, ¥](X)) for X € J*". Then, there exists M € L>®(R*; F°) such that for all
n

, 0
i=1,...,n, up to a subsequence, M tends to M; in L>°(RT; H*(J")) weak x and

OM;

can write M (t,s,&1,&2) = m(t,s) fori > 1, and m satisfies:

o m; € L*(R*; H([0,L;]; 5%)) and 8;” € LY (R* x [0, Ly)),
e for almost every t, m;(t,0) = mo(¢,0) = ... = m,(¢,0),

e m;(0,5) = M?(s) in the trace sense,

%

ot

tends to

in L? (RY x J%) weak when n tends to zero. In addition, M € F° for almost every t so that we

e for all o = (p1,...,pn) satisfying ¢ € C(RT; HL([0, L;]) for all i with ¢1(t,0) = ... =

©n(t,0) for all t, then:

i=1

1+ a2

" Om, om, ~
i2 L —am; x 1)- i = (14 a? 12/
ZB /R+X[O,Li]< ot ot sl );B R

+x[0,L:]

m; X

Os

Os

n
2 RN
: ;@/RWM X (m; - 3)ils -

We remark that the weak formulation obtained in Theorem 1.2 is equivalent to the following problem

where the domain is described as presented in the Fig. 2:
m; € LOO(R+; Hl([(), Lz], 52)),
m;(0,s) = M?(s),

7

ami

ot

= —m,; X hle —am; X (ml X hf),
e 1 -\ =

h{ = 0,;m; + i(mi ;) Uy,

asmi(t7 Lz) = 07

ml(t,O) = mz(t,O) =...= mn(t,O),

> B70.my(t,0) = 0.

i=1

(1.15)

Remark 1.2. Note that in the model above, the coupling between the wires, described by the last two
equations, is only present at the junction. This model therefore lends itself well to parallelization.



1.5 Organization of the paper

Sections 2 and 3 are respectively devoted to the proofs of Theorem 1.1 and 1.2. In Section 4 we
present numerical simulations comparing the 3d case and the asymptotic 1d model. 3d computations
have been performed with the simulation code EMicroM [22, 24]. 1d computations are performed
with scilab [29] using a finite difference scheme adapted to the case of the connexion node.

2 TI'-convergence for the stationary model

Proof of the lower semi-continuity
Let M = (M, M],..., M) in F such that M" weakly converges to M in F (that is M," weakly
converges in H' to M;), and such that there exists C such that

EN(M™) < C for all 5.

By compactness of the Sobolev embedding in Lipschitzian domains, we can assume that M7 tends
to M strongly in L? and almost everywhere (by extracting a subsequence), so that M satisfies the
saturation constraint |M| =1 almost everywhere, i.e. M € F. In addition, since the demagnetizing
energy is non negative, we obtain that

IV M |72 50y < C,
and for ¢ € {1,...,n},

oMY oMY
”T&“%/Q(Ji) + ”T&H%Z(ﬂ) < Cn?,

so that My is constant in J° and M; only depends on s. Therefore we obtain that M € F°.
From classical convexity arguments, it is clear that

Eexen (M) < liminf £, (M™).
Concerning the rescalled demagnetizing field, we split it in 4 parts:

e the effect of the demagnetizing field on the junction will be neglected by application of the
following lemma:
Lemma 2.1. There exists a constant C' such that for alln > 0, for all V = (Vo,V1,...,V,) €
F,
‘n Vo -HQ(V)‘ <Cym.
J

Proof. Let V be in F. We denote by v" the rescaling of V defined by (1.9). We have

1
n/ %-Hg<V)=—2/ o B ),
Jo nJwg

1
‘n/]o VO'Hg(V)‘ = {2””””?(%’)||hd(’0")||L2(Rs),

SO

1
< nﬁH”””L"’(W&)||UnHL2(Q’7)a

1 (meas(Wg))% (meas(Q”))% ,

< 2

1 3 2\3
< TTQC(n )7,
N



e The demagnetizing field generated by the junction will be neglected thank’s to the following
lemma:

Lemma 2.2. There exists a constant C' such that for allm > 0 for allV € F and all i €

{1,...,n},

o [ v w| <cvn
Ji
Proof. Let V be in F. We denote by v the rescaling of V' defined by (1.9). We have

1
8 [ vergvy = [ o).

SO

1
52 / R% -Hg,i<v>| P L C e e

1 1
< ?(meas(Wf))é v x| 22 (g2,
< Lot 4
< 5(On)} (meas(W))?,
1, 3.1
< =C’)z<Cyy
n

e The demagnetizing field generated by the wire ¢ on the wire j will vanish:

Lemma 2.3. Foralli>1 and j > 1, with i # j, for alln > 0 and all M € F,

53/] M, -sz(M)‘ <o

Proof. Let V be in F. We denote by v the rescaling of V' defined by (1.9). The demagnetizing
field generated by v} xw is described by the formula:

0"(2) 1y (2)
2 =yl

L

halmtu) ) = 3 | Vydiv, dz,

so that )
h 1 <C —dz.
)| <€ [ e

We claim the following inequality:

Claim: there exists K > 0 such that for alln >0, if i # j, if y = U](s,€) and z = ¥](s',{'),
then
2=yl = Kn+s+s).

Proof of the Claim: let us assume that the claim is false. For all n we find 7, €]0,1], &, and
&, in B1(0,1), s, € [0, L;] and s}, € [0, L;] such that

1
|\I’;"n (Sn:&n) — I (57, &5)] < g(nn + 80+ 55),

that is 1
|1 [ X — X;z] + sptl; — Slnﬁj‘ < ﬁ(nn + sp + Sg)a (2.16)

10



with X, = (vt + Bi(En,10i + En2Wi)) € Dy and X, = (v;d; + Bi(&), 105 + &, 2;)) € Dj. By
extracting a subsequence, we assume that X,, — X in D, and X/, — X' in Dj;.

!
First case: it > and ™ are bounded, dividing (2.16) by 7,,, we obtain that | X — X’| = 0 wich
in n 77
is contradictory to the fact that D; N D; = 0.

S
Second case: if —* is unbounded and if we can extract a subsequence (still denoted by the index
Nn

s s
n) such that s/, < s, and =~ — +o00, then we divide (2.16) by —, extracting a subsequence
In n

/
s
so that  — 7 € [0, 1], we obtain that

Sn
|'Jl — T’Z_J:j| = O,
with is impossible since @; and u; are distinct unitary vectors, and since 7 > 0.

/!
S
Third case: if — is unbounded and if we can extract a subsequence (still denoted by the

n
!/
S
index n) such that s, < s/, and - — +o00, by the same argument, we obtain a contradiction.
nTL
This concludes the proof of the Claim. O

So from the Claim, if y € W' is given by y = ¥7(s, &), we have dist(y, W;") > an + C's so

2

M M b K ds < K
H s < <
j Hl,j( )‘ = /(; (Oﬂ]+ 08)2 s> A1,

Ji

so this term tends to zero when 7 tends to zero.
O

The behavior of the demagnetizing field generated by the wire i onto itself is described in [15].
For the convenience of the reader we explicit the limit of this contribution in the following
lemma:

Lemma 2.4. Let i € {1,...,n} to be fized. If M. tends strongly to M; in L*(J%), then
1 )
"sz(M") tends to —5((MZ <0303 4 (M -0;)10;) in L2(J*) strongly, so that

n—0

1
i 57 [ 071000 = 352 [ (04502 + 0 7).
Ji Ji

Proof. We rewrite M," and H],(M") in the basis (u;,U;,w;) in the following way: M, =

)

We first remark that H” is uniformly bounded in L?(R?) since

1
By = gl m)Faqes) < gl e,

3=

1
< ?meaS(Q;’) <C,

so we can assume (by extracting a subsequence) that H” — H in L?(R?) weakly.

11



Rewriting (1.4) in the coordinates system (s, &1, &2) (using that the basis (#;, ¥, ;) is orthono-
mal and direct), we obtain that:

nB:i0s(H] + m]) + 0¢, (H} + m}) + 9, (HI + m]) =0,
851Hg - a{zHg = 07

e, H! — nB;0,H] =0,

nBi0sHi — d¢, HY = 0.
Taking the weak limit we obtain that:

O¢, (Hy +m3) + J¢, (Hz + m3) =0,
O0¢, Hz — 0¢, Hy = 0,

0, H1 =0,

0, Hy = 0.

Therefore since H € L?(R?), we obtain that H; = 0 and that the transversal part of H is the
2-dimensional (in the plane {s} x R?) demagnetizing field associated to the transversal part
of m (that is (mg, m3)(s, -)). Since the section of the wire is a ball of R?, since (mz, mj3) is
constant in the section of the wire, the calculation of the two-dimensional demagnetizing field
generated by the constant configuration is classical (see [15] for an elementary proof in 2d),
and we obtain that H is given by:

0
1 .
—3 my(t, s) for (s,&1,&) € J*,

0

! mo(t, 5)((€1)% — €3) + 2my(t, )61

1
H(t,5,6,8) =4 s s
2UGP @I\ —my(t, 9)(€)? ~ (©2)2) - 2ma(t, )6at

for s € [O,Ll] and (51)2 + (§2)2 >1,

0 for s ¢ [0, L;].

Since for all n > 0,

|H77|2 = - Hn'mn7
R3 Ji

since H" — H in L? weak and m” — m? in L? strong, we obtain that

. 1
lim [ E72 =1 / (L2 + [H,[?) = / HP,
n—0 R3 2 o} R3

so that H” tends strongly to H in L?(R?) when 7 tends to zero.

Using the previous lemmas, we obtain that €] (M") tends to Egem (MP).

This concludes the proof of the lower semi continuity.

12



Proof of the reconstruction.

Let M be fixed in FO. For n > 0 we set M" = M. Let us study the limit of £7(M") when 7 tends
to zero.
We have:

Z/maM /MO’H" ZBZ/MH"

As in the previous step, we obtain on the one hand that
—n | My -HI(M)— 0 when n — 0,
Jo
and on the other hand that

— | M (M) — Z ((MP-5)2 + (M? - ;)% ds,
Ji 2 Jio,r.]

that is R ~
ENM") — E(M) when n — 0.

This concludes the proof of Theorem 1.1.

3 Asymptotic process in the dynamic case

First step: estimates
By rescaling of the energy formula (1.14), we obtain that for almost every ¢,

2 n _
ENM(t)) + 1+a2/ (ZBQ/JZ_ /|‘9M ) EN(MO). (3.17)

We remark that since M° € FO,

:;gﬁgg/o -1 [ gy —fz/ MY - HI(MP).

Applying lemmas 2.1-2.4, we obtain that when 7 tends to zero:

Mﬂ

dMO |?

Lol qam?|?

ds

+1/0Li((M0 %) + (M;’-wi)z‘)) : (3.18)

2

In particular, we obtain that there exists a constant C' such that for almost every ¢,

M’72 1 oM™ 1 |oM"|?
VMU2+ / 2 i . 7
/' | Z & 9%, 9%,
oM |? oM |?

2 K3 0 <

/(Zﬁ /Jz. onf |5 )

so by extracting a subsequence (still denoted by M™), when 7 tends to zero, we have:
o VMJ — 0in L= (R*; L2(J°)),
OM? oM
[ ]

and
o6, " o5,

tends strongly to zero in L>°(R™; L3(J*)) for i = 1,...,n,
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o M — M; in L=(R*; H(J?)) weak x,

o MJ — My in L®(RT; HY(J?)) weak *,
oM oM; .

[} — 1

ot ot
In particular, we see that My does not depend on the space variable, so that we write
Mo(t, X) = mo(t).
In addition, for i # 0, M; does not depend on the transverse variables, and we denote
Mi(t7 S, 517 52) = mi(tv S).

Applying Aubin’s lemma, M tends to M; strongly in L>(R™; L?(J%)), so we obtain that |[m;| =1
almost everywhere.
Taking the weak limit on the traces at = 0, we obtain that for ¢ = 1,...,n, m;(¢,0) = mg(t)

for almost every t. Taking the weak limit on the trace in time, we obtain that for i = 1,...,n,
m;(0,s) = MP(s).

n L2(RT x J%) weak.

Second step: energy formula
Now, we aim to take the limit in the energy formula. We remark that for almost every ¢, we have:

- /32 Mn M HY (M) /32 MM
Z

t n n
o} 2 OM;
W/O > [ %

By using lemmas 2.1 and 2.4 for the demagnetizing terms, we know that

2
< EN(MO).

1 .
H(M?) tends to — - ((mi )T+ (mi-wi)w,;) strongly in L (R*; L2(J7)).

Taking the limit when 7 tends to zero, by convexity for the derivative terms, we obtain that:

em) + s [ 252 I

Third step: limit equation
Let us rewrite the weak equation satisfied by m” in the rescaled coordinates. We consider a test
function ® € C*(R*; F)), with ® = (P, ..., ®P,), and we define ¥ by

U(t,z) = &;(t, (V) H(w)) ifze Q).
Taking ¥ € C°(RT; H*(Q7)) as a test function in (1.13), we obtain that:

- oM oM oM oM
2 LM x —L ) - @, / 9 —aM] O) e =
;A+XJi5’<at i x 6‘t) T T M X

(1 +a2)Z/R (ﬂ?M-” fOMI 0%i | 1y OMY 0% Ly OM ,aqa)
=1

Bml

< E(mP).

o5 o M a8 e M X g e

+x Jt

oM 0D -
n 0 70_ 2 2 n M- D,
+(1 4+ a?) / E:M 5 5 +a)i§_1BZ/R+><JiMZ X HI(MT) - ®;

—(1+a®)n [ MJ < HJ(M")-By.
JU

(3.19)
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In order to take the limit in the equations, we consider ¢ = (¢1,...,¢,) such that for all ¢ €

{1,...,n}, ¢; € C(RT; HL([0, L;])) with ¢1(t,0) = pa(t,0) = ... = p,(t,0) for all t. We define
(I) = (@0,@17...,@") by
o Op(t,X) = ¢1(t,0) (= p2(t,0) = ... = p,(t0) by hypothesis),

o O;(t,s,81,&) = pi(t,s) for i > 1.

We obtain that ® € C2°(RT; F). Since ®; does not depend on the transverse variables and since @
is constant, taking this test function, (3.19) yields

n n n n
Z/ 5 8M Mi”xaMi ‘q)i+77/ 8MO_M57X8M0 o
R+ xJi 8t Jo 8t at

23 [ sy« 000 2/32/ M % HIMT) -0, — 2 [ M x HY(MT) -,

Rt xJ? Rt xJ? Jo

We take now the limit of the previous equality when 7 tends to zero. Since
e M — m; strongly in L°°(R*; L2(J%)),
oM
ot

oM Oom; .
L TRy [oo(RH; L2(J7)) weak
s 55 B (Rt L2(J")) weak x,

-~ % weakly in L2(R* x J?),

1 )
o H!(M") — 3 ((mi'ﬁz‘)@ + (mi'wi)wi> = = (m; — (m, - @;)d;) strongly in L=(R*; L*(J")),

1
2
we obtain that:

n

Z Omy; Om Z Oom; Op;
2 3 _ i . 2 . 3 . 1
; & /R+><Ji ( ot~ MM Ty > (+a” pi /1R+><Ji T s s

=1

1+a S\
Z / m; X (m; - ;); - ;.
R+ x J?

This concludes the proof of Theorem 1.2.

4 Numerical simulation

In the framework of this article, we will give a description of the numerical scheme developed in
order to simulate the dynamical evolution of the magnetization in the nanowires network; we will
not focus on the convergence of the scheme, we only give the discretization formulas with a swift
explanation of the computations performed in order to build it.

4.1 Discretization

Each nanowire is discretized, in this article, with a regular mesh. Then, for each ¢ in {1,...,n}, we
set

, ,_ J—1 ,
Vie{l,...,n;}, 85 = = 1Li:(]—1)hi.
nj —

15



For each j in {1,...,n;}, we set also control domains associated to discretization points:

forj€{2,...,n,;},w;-}sl»Js’4+j

J 2’] 2
) h;
Z:Li_ivLia
o, } . [

Then, if we designate the Lagrange interpolation polynomial at points X for values Y (where X
and Y are two real vectors of same size p) by Zy (X) € R,[X], the space of finite dimension where
discrete solutions are sought is Wy, with N = {nq,...,n,}, and is defined by

Wy = Ry ((R3)+ 4,

where, for all U = (u}) (i j)eq1,...n}x{1....n;} 0 (R?)MTH7n we set

RN(U) = Z I{si,sé,sg}({Uf’U%vUZ}}})XwL
je{1,...,n}
T2 T (UL UL U D
ie{l,...,n}

je{2,...,ni—1}

+ Z I{s" 71,st ({Urizithrizi})waLiv

ie{l,..

where x,, designates the function equal to 1 in w and to 0 outside. This gives, for all s in H [0, L;]:

ie{l,...,n}
(s —hj)(s—2h;) (s — 2h;) s(s— hy)
R S e R e R wC P
ie{l,...,n} v v
(5= (s —si) L (s=si)(s—siy) . (s—siq)(s—5))
+ Z Uj J 2h12 J _ Uj J h? J + UL, J 2h? j .
i€{l,...,n}

Then, the concentration phase performs a mean of the equation on each discretization domains. So
the finite difference scheme is written as follows: find u in C*(]0, T]; W) such that, for all (i, j) in
{1,...,n} x{2,...,n; — 1}, we set

/i@dm:/i—uth(u)—aux(uth(u)) dx.

For this scheme, the integral on each subdomain is approximated via a one point quadrature formula:
the middle point approximation. Then we obtain, for all (¢,5) in {1,...,n} x {2,...,n; — 1}:

dl]l % e 7 7 i e i

W__U X h$(u)(s -)—aU (U; x hi(u)(s%))-

Hence, we have for the approximated magnetic field: for all (¢,7) in {1,...,n} x {2,...,n; — 1}

e i |y i i 1o -
hi(u)(s}) = ﬁ(qu —2U; +Uj ) + i(Uj ;).
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On the extremal domain, we have: for all ¢ in {1,--- ,n},

%(t,Li) h — (U, _, -U.)=0, then U, _ =U,,
then, we have for each i in {1,...,n}
, 1 - ; 1, N,
hi (u)(sp,—1) Ez(Ul = 2Up, -1+ Un) + 5(Un oy )G,
hllz(Ul U:;i,l)+%(U:;i,1-ﬁi)m.
On the central domain wy = U wi, we have first the continuity condition
ie{1,...,n}
Ul = =U=U"
In addition, on w?, one has:
ui(s) = U (s— th)](ig — 2hy) Ui s(s ;?2111) Ui 8(82;;”)»
so that 9u s L 1
5‘51 (t,0) = U{Q—hZ — UQZE + U§2h¢'

Therefore the Neumann condition yields

6ul ; 2 ;1
o_§:ﬁ2 t0) = > 52(m2h lhh-+Uhh>'

i€{1,...,n}

Then we obtain

Hence, in the particular case of three nanowires (see Fig. 3), we have

3

1 . 4 .
U' = ——US+ =Uj |.
> (g 5%)
In this simple case, we then give the formula of the effective field when the value of U' is injected
. ; Lo AT
Vi€ {1,2,3}, h¢(u)(sh) = ﬁ((ﬁ — UL+ U + (Ug'ui)ui,
1< k k i iy Lo s
- ﬁ(z *§U3 + §U2 —2U; 4+ Us) + i(Uz'Ui)Ui,

i k=1

1

h2

Lo -
k=1,k#1
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Figure 3: Three nanowires connexion.

4.2 Simulation of the reduced model

We cousider the in-plane junction at the point 0 of the vertical wire of length H [0, H|es with two
horizontal nanowires of length L, [0, L]e; and —[0, L]e; (see Fig. 4.2). The wires are supposed to
have the same dimensionless radius equal to 1 (so that ; = 1 for all wires).

The program has been developed with the software Scilab [29]. The number of discretisation points
is equal to 30 per unit length (i. e. dz = 1/30). In order to ensure stability of our explicit scheme,
we take dt = dx?/10, that is dt = 0.0001111. We consider 3 initial states:

i) My uniformly equal to ey,
ii) My =e; on [0, L]e;, My = —ey on [—L,0]e; and My = e5 on [0, H]es,

iii) My uniformly equal to ?(el + e3).

For initial states i) and ii), in the case L = 19,2 and H = 9,6, we represent the magnetisation along
the nanowires after relaxation to the equilibrium, at final time equal to 2:

Prrerrrnd

Figure 4: Initial data i) Figure 5: Initial data ii)

For initial data iii), we consider two geometries:
A) L =19,2 and H = 9,6,
B) L =9,6 and H = 0,96.

After relaxation, we observe that the configurations is almost constant equal to e; for short vertical
wire, which is not the case for long vertical wire:

_______________________________________

Figure 6: Initial data iii), geometry A) Figure 7: Initial data iii), geometry B)
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4.3 Full 3D simulation

In order to compare the results obtained with the reduced 1d model to those obtained with the 3d
model, in order also to observe the convergence of the 3d model to the 1d model when the radius
of the wire becomes small, we performed 3d computation with the EMicroM code (see for example
[24, 23, 8]) taking the radius of the wire smaller and smaller.

The EMicroM code is a full 3D simulator for the magnetization evolution in the context of the
micromagnetic model. For comparison, we perform computation on a system of three connected
nanowires whose configuration is similar to the geometry adopted for the reduced model. The mesh
of the domain is regular and the simulation based upon a finite volume method; in our case we used
786 432 (mesh 16 x 128 x 128) degrees of freedom. The parameters are the following: saturated
magnetization set to 1,710 A/m, exchange constant set to A = 107% J/m, no anisotropy. The
resulting exchange length is £ = 0,52um. We first consider the 3 following geometries:

1. L =10pum, H = 5um, D = 2um,
2. L =10um, H = 5um, D = 1lum,
3. L=10um, H=5um, D = 0, 5um.

After renormalisation performed in Section 1.1, the exchange length ¢ equals 0, 52um,, so that the
corresponding dimensionless quantities are L = %Z =19,2 and H = % = 9,6. The dimensionless
radius is given by n = %, so that n equal 1,9 in the case a), 0,95 in case b) and 0,48 in case c).

For initial data equal to e;, we represent for each geometry a slice view of the 3d magnetization, and

an extraction of the solution along the axes of the nanowires. These extraction are to be compared
with Fig. 4

WatTares L=I0H=5 D=2 (10°8)

. [rpa— o
L)
mr - [T
- "
ml B 0t
» _ v
wmh _ ot
. Hoe
AL e - I am
- D4
] o
L] m x0 X0 a0 0 600 L o
Figure 8: Slice view, geometry 1) Figure 9: extraction, geometry 1)
WatTanies L=10H=5 D=1 (1)

00
! - Mo 15
0 00
000
15 - ot

0
- - 0000
- ooz
- - a0
- - —_— D004
] D000

a 1 U] kol o kol [od 0 e x4
Figure 10: Slice view, geometry 2) Figure 11: extraction, geometry 2)

19



Ml TareeL=1H=S 0=05 (I0°8)

2 T T T T T T T T ¢ w0
i B = e
e - [
- 12
15 - sa0+
N - 1
1 - Ty
- 2o
Pl - Qo5
| _. - 2oz
T — Qo
) m o™ W @ W o T W
Figure 12: Slice view, geometry 3) Figure 13: extraction, geometry 3)

In the same way, for initial data oriented along the wires, we represent for each geometry a slice
view of the 3d magnetization, and an extraction of the solution along the axes of the nanowires.
These extractions are to be compared with Fig. 5.
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Figure 14: Slice view, geometry 1) Figure 15: extraction, geometry 1)
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Figure 16: Slice view, geometry 2) Figure 17: extraction, geometry 2)
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Figure 18: Slice view, geometry 3) Figure 19: extraction, geometry 3)

We notice, in particular in Figure 14, that when the wire diameter is not small, the magnetization
presents singularities at the junction which disappear when the diameter decreases (cf. Figure 18).
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1 1
For initial data equal to (—, —=, 0), we consider two geometries:

V2 V2
a) L =10um, H = 5um, D = 0, 5um, close to 1d geometry a.
b) L =5um, H=0.5um, D = 0.2um, close to 1d geometry b.
After relaxation, we observe in the first case the following configuration, to be compared with Fig.

6:

M Vi L0 HE Dl (0 |

: C -
= a2
s

1= ;-
. :

ity ’ Al
, 41

o Y - s - i
- 4

] 45

1 m 0 = L E -3 o m
Figure 20: Slice view, geometry a) Figure 21: Extraction, geometry a)

In the second case, we observe the following configuration, to be compared with Fig. 7:

M Twms L= 1T B0 G

N | —— 5 _ e
L] 1m0

[ m ] -

Figure 22: Slice view, geometry b) Figure 23: Extraction, geometry b)

In the two previous cases, the 1d model relaxes to the same configurations as the 3d model when
the wire diameter is small.

4.4 Comparison of performances

The comparison we are able to perform here is a complexity comparison. The codes (reduced and
full 3D) have not been developed on equivalent computation platforms and languages.

The discretization space steps are similar in 3D and 1D. Furthermore, the thickness of the 3D mesh,
in order to capture the variations, is at least equal to v/N where N is the number of cells in the
nanowire length. Then, the number of degrees of freedom is equal to

3D reduced
degrees of freedom N°/2 pN
time steps (1/N)? (1/N)?
complexity for T'=1 | N/2In(N) | pN?

where p is the number of nanowires. The complexity ratio between the approaches is proportional
to N3/2In(N).
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5 Conclusion

In this article we focused on the elaboration and analysis of a new model describing the behavior
of the magnetization in ferromagnetic materials. Two versions have been developed, the static and
the dynamical version, based upon an asymptotic analysis of the micromagnetic model developed by
W.F. Brown [9] for materials in a bulk. The originality of the model is not the nanowire approxima-
tion, yet developed for infinite and isolated wires, but in the management of the connexions between
wires. Thanks to this new model we are able to manage simulation of complex net of nanowires as
those developed in the framework of the nano-electronic device elaboration. In order to illustrate the
theoretical results, we expose an adapted finite difference scheme and perform a test on a configu-
ration composed of three connected nanowires. The results obtained with the asymptotic model are
compared to those obtained thanks to a full 3D code of micromagnetism, EMicroM. The qualitative
comparison of results is totally satisfactory. Last point: the advantage of the asymptotic model for
nanowires, in its domain of validity, is clearly illustrated by the comparison of the complexity of the
two algorithms. Thank’s to this approach we are now able to simulate realistic net of nanowires.
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