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ABSTRACT. We investigate the behavior of minimizers of perturbed Dirichlet energies sup-
ported on a wire generated by a regular simple curve v and defined in the space of S?-valued
functions. The perturbation K is represented by a matrix-valued function defined on S?
with values in R3*3. Under natural regularity conditions on K, we show that the family of
perturbed Dirichlet energies converges, in the sense of I'-convergence, to a simplified energy
functional on v. The reduced energy unveils how part of the antisymmetric exchange inter-
actions contribute to an anisotropic term whose specific shape depends on the curvature of
5.

We also discuss the significant implications of our results for studies of ferromagnetic
nanowires when Dzyaloshinskii-Moriya interaction (DMI) is present.

1. INTRODUCTION AND MOTIVATION

The motivation for our study comes from investigating the behavior of ferromagnetic
nanowires. Microscopically ferromagnetic nanowires such as nanotubes, nanowhiskers, or
nanostrips can exhibit unique physical properties. These include anisotropic magnetore-
sistance in helimagnets [19, 38|, proximity exchange fields in ferromagnet—superconductor
heterostructures [36, 53], fast domain wall motion [50], impact of wire twisting onto mag-
netic textures [49], and many others [22, 37]. Techniques for fabricating magnetic nanowires
make available a wide variety of cross-sections and shapes, from almost perfectly straight
to braided [29, 49]. Of significant interest for research and applications are wireframes and
networks made of magnetic nanowires [48, 31, 27, 54].

The theoretical description of the statics and dynamics of magnetization in nanomagnets
is a challenging task even from the numerical point of view due to the nonlinear, nonconvex,
and nonlocal nature of the problem, see, e.g., the monograph [46], the review articles [34, 24]
and the references therein. Brute-force numerical simulations are typically performed within
the framework of 3D micromagnetic model [21, 55, 9, 54], which are challenging and often
time-consuming.

While an essential goal of quantitative simulations is description, the basic explanation
of magnetic phenomena typically requires having simplified yet accurate models at hand.
From the mathematical point of view, such models can be derived by dimension reduction
techniques of the calculus of variations as I'-limits of the micromagnetic energy functional
under suitable asymptotic relations among the material and geometric scaling parameters.
Dimensional reduction arguments in micromagnetics are a subject with a long history as they
date back to the seminal paper [26], where the authors show that in planar thin films, the
nonlocal effects of the stray field operator reduce to an easy-plane anisotropy term. Later,
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various static reduced theories for planar thin-film micromagnetics were established under
different scaling regimes [7, 12, 13, 32, 42, 43, 51]. Further asymptotic regimes, e.g., in
the presence of strong perpendicular anisotropy, have been the subject of [17]. The induced
thin-film dynamics have been analyzed in [33, 39, 25, 6].

The latest developments in nanotechnology have made it possible to create nanostruc-
tures, with thicknesses as small as a few atomic layers and lateral sizes down to tens of
nanometers. These structures often demonstrate the impact of interfacial effects, such as
the Dzyaloshinskii-Moriya interaction (DMI) [20, 41], leading to the formation of magnetic
skyrmions [23]. Mathematical studies of magnetic domain walls in the regime of planar thin
films, taking into account also DMI, have been done in [11, 40, 44, 45].

In recent years, interest has grown in ferromagnetic systems with a curved shape due
to their capability of hosting magnetic skyrmions even in materials where the DMI can be
neglected. The evidence of these states sheds light on the role of the geometry in magnetism:
chiral spin-textures can be stabilized by curvature effects only, in contrast to the planar
case where DMI is required (we refer the reader to the recent monograph [37]). From
the mathematical perspective, dimension reduction results for curved thin films have been
studied in [7, 14, 16, 51] and, more recently, in [18] where the curved thin film limit of chiral
Dirichlet energies is derived.

The effective magnetic behavior of ferromagnetic nanowires has been investigated in
[52] where both long-range dipolar interactions and symmetric exchange interactions are
considered, also for curved wire. The main aim of this paper is to complement the analysis
in [52] by taking into account general antisymmetric exchange interactions. As in [11] and
[18], the derived limiting model reveals new physics: part of the antisymmetric exchange
interactions contributes to an increase in the shape anisotropy originating from the magne-
tostatic self-energy. Several examples of applications to the micromagnetic theory complete
our analytical derivation.

2. CONTRIBUTIONS OF THE PRESENT WORK

Given a regular simple curve' v : I — R3 and a smooth domain @ C R2, for every
e > 0, we denote by Q. C R3 the e-tube along v with cross-sectional shape @ and thickness
¢, defined as the image of the cylindrical region I x Q C R x R? through the parameterization
(see Figure 1)

e (8,2) €1 X Q— (s)+ezin(s) +ezb(s) € Q.. (2.1)

Here, we set z := (z1,22) and denoted by (¢(s),n(s),b(s)) the FRENET-SERRET frame
consisting, respectively, of the tangent, normal, and binormal unit vectors to the curve at
y(s) — if 7 is a straight line, we complete ¢ to an orthonormal basis of R3. In what follows,
we assume that v is parameterized by arc length. Also, we assume that the interval I is
compact so that according to the tubular neighborhood theorem, there exists a § > 0 such
that for every 0 < ¢ < §, the map ¢, defined by (2.1) is a diffeomorphism of I x @ onto the
e-tube along 7.

1By a regular simple curve, we mean the image of a C?-map v : I — R®, I C R a compact interval,
such that 9sy(s) # 0 for every s € I, and with no self-intersections, i.e., such that the only possible loss of
injectivity in v arises at the endpoints of I, case in which the curve closes into a loop.
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FIGURE 1. Sketches of suitable wires. The wires can be straight or curved and can
have a nonsmooth boundary or a multiply connected cross-section (not every case is
shown in the picture). The cross-section is assumed to be invariant along the wire.

The main aim of this paper is to investigate the curved thin-wire limit (¢ — 0) of the
perturbed Dirichlet energy (0 < & < §)

G.(v) = — Dv() + K (v(z)]* de (2.2)

T 22Q) Jq.

defined on H' Sobolev maps v : . — S?, where for every € > 0 the domain Q. C R? is an
e-tube of R?, and S? is the two-sphere of R3. In writing (2.2), we made the common and
convenient abuse of denoting by | - | both the Euclidean norm on R3*3 and the Lebesgue
measure when applied to sets as in the expression |Q)|.

The perturbation K : o € S? — K (o) € R3*3 is represented by a matrix-valued function
defined on S? and with values in R3*3 and is assumed to be Lipschitz continuous, i.e., that
there exists cx > 0 such that

’K(O’l) — K(O’Q)’nxm < CK|0'1 — O'glm VUl,UQ S 82. (23)

Since S? is compact, the continuity condition (2.3) implies that the image of K is bounded
(in fact, compact). In what follows, to simplify notation, we will assume that a Lipschitz
constant cg is chosen big enough so that there holds

|K(0)| <cx Vo €S2 (2.4)

For any 0 < £ < J, the existence of at least a minimizer for G. in H'(€,S?) is a simple
application of the direct method of the calculus of variations. We are interested in the
asymptotic behavior of the family of minimizers of (G.). as ¢ — 0. Our main result (cf.
Theorem 1 below) shows that the family (G.). converges, in the sense of I'-convergence to an
energy functional defined on the curve ~, which strongly depends on K and the target space
S?, and has remarkable physical implications for relevant systems, for instance, to magnetic
materials: in the curved thin-wire regime, generic exchange interactions (symmetric and
antisymmetric) can manifest themselves under an additional anisotropy term whose specific
shape depends both on the shape of the wire and the curvature of the target surface.

To properly state our result, we must finish setting up the stage. For every 0 < & < §
we introduce the following functional defined on H'(C,S?), which can be thought of as the
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pull-back of G, on the cylindrical domain C := I x @:

1 1
& (ve) = — 1050 + 7 (2 A V.v.) + a. K (v )t]* —dzds
2|Q IxQ Qe
1
+ (|€_161U5 + a.K (vo)n* + |e 0w, + aeK('vs)b\z) —dzds (2.5)
2|Q IxQ Qe

where we set
O1:=0z,00 1= 0y, 2AVy0e = 22010 — 21000z, e (8,2):=(1—cw(s)z1), (2.6)
with w(s) being the curvature of the space curve v at y(s). Our main result is stated in the

following statement.

Theorem 1. For any 0 < £ < §, the minimization problem for G. in H'(Q,S?) is equivalent
to the minimization in H'(C,S?) of the functional E defined by (2.5) in the sense that a
configuration v. € H' (e, S?) minimizes G. if and only if ve o p. € HY(C,S?) minimizes .

The family (E5). is equicoercive in the weak topology of H*(C,S*) and the T-limit E¢ =
D-lim._,0 &5 is defined for every v € H'(C,S?) by

% /I 1050(s) + K (v(s))t(s)[2ds

Ee(v) = +;ﬁWmew®ﬁ4KWmmM@w@W® #vo=0 &7
400 otherwise.

Moreover,

: e
HP(HCIEQ) &= H{I(lclgz)gc +o(1) (2.8)

min . =
H(Q,5?)
and if (v:)e is a minimizing family for (E5): then (v:). converges, strongly in H*(C,S?), to
a mintmum point of &¢.

Remark 1. In terms of normal and binormal vectors to the curve, the expression in (2.7) is
equivalent to

5 [ 100(s) + Ke)t(s) s + 5 [ (K7 (0(s)o(s) -m(s))? + (KT (ws))o(s) - bls) P,

Proof. (EQUIVALENCE) First, we show that for any 0 < & < 4, the minimization problem for
G- in H! (Q.,S?) is equivalent to the minimization in H'(C,S?) of the functional £5 defined
by (2.5). For that, let us denote by with F' := (¢|n|b) the matrix whose columns are the
component of the Frenet frame. By the Frenet—Serret formulas (with @ and 7 denoting,
respectively, the curvature and the torsion of ) :

n(s) = —wt+71b, t=wn, b=—7n,

we get that for every 0 < € < §, there holds

l—cwz; 0 O
DSDS:( 65906‘81908‘82905 ):F' —ETZ9 e 0
ETZ] 0 ¢

and det Dy, = e2a., with a.(s, 21) := 1 — ew(s)z1. Note that Dy is invertible for ¢ small
because. The inverse of D¢y, is given by

1 0 0
1
(Dp) = —@.FT, &, := ( Tz €1 0 ) .

«
€ —1z1 0 ¢
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The previous considerations allow showing the equivalence between the minimization prob-
lem for G, and &;. Indeed with v, := v o ¢, we have

Ge (v) = 2521@\ /QE |Dv(z) + K (v(z))]* dz

azdzds

1 _ 2
_ 2/ Dv. (Do) + K (ve)
IxQ

1 1
= |(0sve + 7 (20010 — 21090:)) + . K (v.) t|* —dzds
21Q| Jixq Qe
1 —1 2 —1 2 1
4+ — € 01V + o K(v)n|” + e Ov. + a. K(v.)b|* ) —dzds
5G] g 7 (ve)nf? + =70, (0:)bl?)
= 85(06)7

from which the equivalence follows.

(CoMPACTNESS/EQUICOERCIVENESS) We want to show that the family (7). is equicoercive

in the weak topology of H'(C,S?), i.e., the existence of a weakly compact set J(C,S?) C
H1(C,S?) such that for every 0 < € < § there holds

min & = min &;. 2.9

Hies) ¢ ues) (2.9)

Ensuring the equicoercivity of (). will guarantee that the fundamental theorem of I'-

convergence hypotheses are met. Consequently, the I'-limit & will satisfy realtion (2.8) on
the variational convergence of minimum problems.

To show (2.9), we first observe that for any constant in space configuration ¢ € H'(C,S?)
we have )
: 1 K ()]
min & (v) < E(&) = —— —_—
veHl(Cs2) ¢ () < &08) 21Q| Jixq Vae(s, z)
Given that for e sufficiently small a. (s, z) is uniformly bounded away from zero, there exists
¢w > 0 such that (cf. the expression of a. in (2.6))

dzds. (2.10)

et < (s,2) <ce forevery (s,2) € I xQ. (2.11)

Also, as stated in (2.4), |K(0)| < cx. Therefore, for ¢ sufficiently small, the minimizers of
(E8)o<e<s are all contained in the e-independent set

Je 8= |J {ver'Cs): &w<cf, (2.12)
0<e<d

where ¢ > 0 is a positive constant that depends only on ¢y, cx and on the geometry of
7. After that, we use that for every a,b € R and every n > 0 there holds |a + b]*> >
(1 +n)"Yal> — n~1|b|?, to infer that

1
2|Q|E6 (v) > / Osv + 7 (2 A V,v)|?
QIEE®) > iy [ BT AT
1 1 1 1 K (v)]?
—|—dzds—+—2/ |szv|2dzds—/ Mdzds
Qe e2(1+mn) Jixg Qe nJixg Qe

1 / 2 1 2 2
_— |0sv|” dzds — ————7 / 2z A V,yu|”dzds
Cw(1+77)2 IxQ ° ’ Cwn(1+n) IXQ‘ :

Lo

Cw(l4n)e?

=

Cow

1 c2
V.v|>—dzds — —E_|I x Q|.
/W' - |1 x Q)
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Given that |2 A V,v| < 2|z| - |V, v| < ¢g|V,v| for a positive constant cg > 0 that depends
2
only on ), we get that up to the constant term —JT%H x Q| there holds

1 1 1 7%
2/ 05v[* deds + —— | — —2 / |V v|2dzds.
cw(1+m)? Jixg (1+n)ew \ & n IxQ

In particular, choosing n := 2527'202Q, we get the existence of a constant ¢, > 0 dependent

only on 4, ¢, cx and the shape of the d-tube generated by -y, such that

2|QlE¢ (v) >

1
/ |8sv|* dzds + — / V. ve|?dzds < e, (1 4+ 5 (v)) . (2.13)
IxQ € JIxQ

Assuming without loss of generality that § < 1 so that also € < 1, from the previous relation
(2.13) we can conclude that the set J(C,S?) defined by (2.12) is contained in the bounded
subset of H'(C,R3) given by

Hy(C,S%) = {v e H'(C,R?) : [v| = L [|v[|} o pey < ex(1+ )}

Therefore

i &5 = i &5 .
vehtig e = min &)

To establish that H g (C,S?) is weakly compact, we need to prove that it is weakly closed. To
do this, consider a sequence (vy),cy in Hy (C,S?) such that v,, — vo weakly in H'(C,R?);
by Rellich-Kondrachov theorem, v,, — wvg strongly in L?(C,R3). Thus, after extracting a
subsequence that converges pointwise a.e. in C, we get that the wvg still takes values in S
This completes the proof of equicoerciveness.

(T-LIMINF) Let (ve) be a family in H'(C,S?) such that

sup & (ve) < +o0.
0<e<é

By estimate (2.13), we get that the families (¢ '91v:), (e 102v.) and (9sv.) are bounded
in L2. Therefore, there exist vg € H'(C,S?),d1,ds € L*(C,R?), such that

Ve — Vg strongly in L?(C,S?),
Osv. — Osvg  weakly in L?(C,R3),
%811)5 —d; weakly in L?(C,R3),
%82’05 —ds weakly in L?(C,R3).

(2.14)

The previous relations imply that vy is 0-homogeneous along the cross-section of the wire,
i.e., that it depends only on the s-variable. In particular,

V.v. — 0 strongly in L?(C,R?). (2.15)

Moreover, since 01v. - v. = Oyv: - v, = 0 for every 0 < € < §, we also infer that di,dy are
pointwise orthogonal to vy, i.e.,

d1 s Vo = O, d2 sy = 0. (2.16)
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By (2.14), (2.15), and (2.16), taking into account the lower semicontinuity of the norm and
that . — 1 when € — 0, we get that

. 1
lim inf £ (ve) > 2/I|8S'v0+K(vg)t\2ds

1 2 2
+ o= d; + K(vo)n|” + |d2 + K(v9)b|” ) dzds
el IXQ(M (vo)n|* + |ds + K (vo)b*)
1 ) 1
> — [ |0sv9+ K (vg) t ds+/ min di(s),ds(s))| dzds,
5 [ oo+ K oyt as+ 5 | LI(M(S)EU&@)9< 1(5), >>]
with
g(dy, dy) := |dy + K (vo)n|” + |dy + K (vo)b[* . (2.17)
The minimal energy of g is given by
min g(dy(s),da(s)) = (K(vo)n - v)? + (K (vg) b-v0)?, (2.18)
dl(S),dQ(S)EUé‘(S)
and is reached when
dl(’vo) = Vg X (’UO X K(’Uo)n), (2.19)
dg(’vo) = Vg X ('vo X K(’vo)b) . (2.20)

Indeed, one can observe that
g(dy,dy) = |di — vy x (vo X K(vo)n) + (K (vo)n - vg) vo|*
+ |dy — vg X (v X K(v0)b) + (K (v0)b - vg) vo|*
= |d; — vy x (vg x K(vo)n)|> + |da — v x (vg x K (vg) b)|?
+ (K (vo)n - v9)* + (K (vo)b - vo)?.

Summarizing, we obtained that

hmlnfEc ve) = /]81} )+ K (v(s)) t(s)|* ds

2/(KT( (s))v(s) - n(s)* + (K " (v(s)) v(s) - b(s)*ds,  (2.21)
I
and this is nothing but the right-hand side of (2.7).

(T-LiMsUP) A direct computation shows that for any vy € H'(C,S?) such that V,vg = 0,
the family

vo + ed(vy)
=, d = z1d d 2.22
€ |U0 + 5d('U(])|’ ('Uo) 21 1(’1}0) + 22 2(,00)7 ( )
with dy(vg), d2(vo) given by (2.19)-(2.20), is a recovery sequence, i.e.,
v, — vg strongly in H'(C,S?) and E&5(v.) — Ec(vo). (2.23)

Indeed, since dj(vy), d2(vg) depend only on the s-variable and |vg)| = 1, we have
1 ( vo + ed(vo) vo + ed(vo)

lvo + ed(vo)| |lvo +ed(vo)| — |vo + ed(vo)|

~ (I +v9 ®v0)(05[01]02)(vo + ed(vo))

= (I 4+ v ® v9)(0svg + €0sd(vp)|edi(vg)|ed2(vy))

Dv. =

) D(vg + ed(vy))
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where we used the approximation symbol to denote equality up to negligible terms when
e — 0. Given that 0 = dsvg - v9 = di(vo) - vo = da2(vg) - Vg, we infer the following limit
relations

0sve — (I + v ® v9)Isv9 = s, (2.24)
6_1611)5 — (I + v ® Uo)dl(vo) = dl(’ljo), (2.25)
6_1621]5 — (I +v9 ® Uo)dg(vo) = dQ(Uo), (2.26)

from which (2.23) follows.

(STRONG CONVERGENCE OF MINIMIZERS) Let (v:). C H(C,S?) be a minimizing family for
(E5)e. By compactness (cf. (2.14)—(2.15)), there exists vo € H'(C,S?), depending only the
s-variable, such that v. — vo weakly in H'(C,S?) and dsv. — 0 strongly in L?(C,S?). By
the I-liminf inequality, the strong convergence of v. — vg in L?(C,S?), and the minimality
of v, we get that if v% is the recovery sequence built from vg as in (2.22), then

Ec(vg) < liminf E5(v.) < limsup £ (v:) < lim E5(vE) = Ec(vo). (2.27)

e—0 e—0 e—0

Therefore, if (v, ). is a minimizing family for (£5)., then v. — vg weakly in H'(C, S?) for some
vo which depends only on the s-variable and, moreover, by (2.27), lim._,o E5(v:) = Ec(vo).
By the compactness relations (2.14)—(2.15) and the lower semicontinuity of the norm, we get
that

1
Ec(vg) = lim E5(v,:) > limsup —— v + K (v.)t|? dzds
c(vo) = limE5(02) > lmswp e [ 0.0+ Koot
1
+ — g(dy,ds)dzds
2’Q| IxQ ( )
1
> limsup —— 050, + K (v.) t|* dzds
e—0 2|Q‘ IxQ
1 2 2
+/<KT(vo)v0~n) + (KT (vo)vo - b) s, (2.28)
2

where, for the last inequality, we used the fact that the function g defined by (2.17) has mini-
mal energy (K (vo)n - vo)? + (K (v)b - v9)%. Substituting in (2.28) the equivalent expression
of & (vo) given in Remark 1, we get that
1 1
lim sup —— 050 + K (ve)t|* dzds < = / 850 + K (vo)t|* ds. (2.29)
=0 2|Q[ Jixq 21

Hence, from the lower semicontinuity of the norm, it follows that

. 2 1 2

lim — 0 K t|"dzds== [ |0 K t|” ds. 2.30

li g1 |, 10w Kt dzds = 5 [0 4 K(wopPas (230
The previous relation implies that ||0sve|l2(c g2y = [|0svoll2(c 52). Overall, also considered
that [[01vc|[ 12 g2y = 0 and [|O2vel|2c g2y — 0, we deduce the convergence of the norms
[vell 1 (e s2) = llvoll g1 s2) Which together with the weak convergence ve — vg in H(C,S?),
assures strong convergence in H'(C,S?). This concludes the proof. O

3. APPLICATIONS TO MICROMAGNETICS

In this section, we illustrate how our analysis of curved thin wires can explain different
scenarios that may occur when ferromagnetic crystals lack inversion symmetry and how
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the so-called Dzyaloshinskii-Moriya interaction (DMI) can distort the otherwise uniform
ferromagnetic state. Before delving into specifics, we describe the physical framework and
introduce relevant notation.

In the variational theory of micromagnetism (cf. [5, 30, 35]), the order parameter that
characterizes the orientations of a rigid ferromagnetic body within a region Q C R? is the
magnetization M, a vector field whose magnitude M, := | M|, called the saturation magne-
tization, can be considered constant in €2 at temperatures well below the Curie temperature.
Hence, one can represent the magnetization as M := M v, where v : Q — S? is a map tak-
ing values into the unit sphere of R?. Even though the magnitude of v remains constant in
space, its direction is free to vary and the observable magnetization states can be expressed
as local minimizers of the micromagnetic energy functional. In single-crystal ferromagnets
(cf. [2, 10]), and upon appropriate non-dimensionalization, this functional reads as

1 1
Ea(v) + Wo(v) = Q/Q\Vv\de+ Z/Q\VuIQda: (3.1)

with v € H'(Q,S?), and where vyq denotes the extension of v by zero to the whole space
outside (). In the above expression, the exchange energy £q accounts for symmetric exchange
interactions, which tend to penalize nonuniformities in the magnetization orientation. The
term Wq, represents the self-energy due to magnetostatics and describes the energy due to the
magnetic scalar potential u produced by m. For £ bounded, the magnetic scalar potential
can be defined as the unique solution in H'(R3) of the Poisson equation

Au=V - (vxa.) (3.2)
We refer the reader to [16] for further mathematical details.

This paper goes beyond the classical symmetric exchange interactions by examining the
potential lack of centrosymmetry in the crystal lattice structure of the ferromagnet. In this
paper, other than the classical symmetric exchange interactions, we consider the possible
lack of centrosymmetry in the crystal lattice structure of the ferromagnet. In addition to
the energy density expressed in equation (3.1), we consider possible antisymmetric exchange
interactions by including contributions from relevant Lifshitz invariants of the chirality tensor
Vv xwv. Of particular significance is the energy contribution from bulk Dzyaloshinskii-Moriya
interaction (DMI), with energy density v-(V x v) corresponding to the trace of the chirality
tensor. Specifically, for every v € H'(,S?), we define the bulk DMI energy as

Ha(v) == Ii/ v-(V xv) dz. (3.3)
Q
The normalized constant x € R is the so-called DMI constant, and its sign determines the

chirality of the system.

The full micromagnetic energy functional we are interested in is then £q +Ha + Waq. In
particular, with the notation introduced in Section 2, the micromagnetic energy associated
with an e-tube €2, along a curve « : I — R3 with cross-sectional shape @ is given by

1 (1 2 . 1 2
Ge(v) == 0] (2 /Qe | Dol dx—l—/ﬂ/gav vadx—&-Q/RgWu] d:v), (3.4)

We note that in the energy above, we take a form of so-called interior DMIV x v -v. To
put it in the form (2.2), we define a matrix K as follows

0 —v3 v
Kwv)=r| v3 0 —u
—vy U 0
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It is clear that
1 2 1 2 1 2
§|DU+K(U)\ :§\DU\ —|—D’U:K(U)—|—§|K('U)\ ,

and a simple computation shows that Dv : K(v) = kv -V x v, and |K (v)|? = 2k?. Based
on these relations, we can rewrite our energy as follows

_ 1 (1 2 1 21\ 2 |9
Ge(v) := 0] (2 /QE |Dv + K(v)|“da + 2/ |Vl dm) K EIalh

Without loss of generality, we assume |Q| = 1 and note that the last constant term in the
energy can be dropped as it does not affect critical points or I'-convergence. Then, using
I-convergence results from [52] (see also [28]) and (2.7), in the limit as ¢ — 0 we obtain the
following limiting energy

_ ;/lmsv(s) + K (v(s)t(s)]? ds + ;/IMU(S) v (s)ds, (3.5)

where

/ / (n)In ¢ — nldeds. (3.6)
oQ JoQ

We now want to investigate several special cases of the limiting energy and find its minimizers
in the form of domain walls.

3.1. Straight wire with DMI. In the case of an infinite straight wire with a circular cross-
section, the interval I in (3.5) is not compact, and one cannot directly apply Theorem 1.
However, it is still possible to prove the result for an infinite straight wire with some standard
modifications to account for translation invariance. It is also possible to model this scenario
by considering it as the limit of a sequence of energy functionals defined on straight wires
of finite lengths. We have t = e; and, up to constant terms, the limiting energy can be
rewritten as

1
Ec(v / 020+ (0, u3, )P + - /(1 _?)ds. (3.7)
vy

We note that the global minimum of the energy is achieved for v = +e;.

We are interested in non-trivial local minimizers corresponding to domain walls. There-
fore, we can impose boundary conditions v — 4e; as * — +oo and look for a global
minimizer of & with these boundary conditions. For that, we decompose the first term as

10,0 + K(0,v3, —v2) > = |v] |2 + |vh + Kus|? + v} — Kua|?. (3.8)
and represent the magnetization v in spherical coordinates
v(z) = (cosO(x),sin O(z) cos ¢(x),sin f(x) sin p(x)) .
Plugging it into the energy we obtain
1 1
Ec(0,¢) = 5 / 10/ (z)|* + sin® O(x)|¢ (x) — x|* da + 4/ sin? 0(x) d. (3.9)
R s

R

The boundary conditions translate into f(x) — 0 as * — oo, 6(z) — km as z — —o0,
where k£ € N is odd. We minimize this energy in ¢ to obtain ¢(z) = kz. The subsequent
minimization in 0 gives us k = 1 and a standard domain wall profile

0o(x) = 2arctan (e_\/%rx> . (3.10)
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FIGURE 2. Sketch of the domain wall in the straight wire. The value of the dimen-
sionless parameter characterizing the strength of the DMI is chosen to be x = 0.36,
which is close to that for the B20-type FeGe [55].

The minimizing profile is
vo(x) = (cosbp(z),sin Oy(x) cos(kz), sin Oy (x) sin(kz)). (3.11)

It is clear that vg is a global minimizer of the energy (3.7) under domain wall boundary
conditions v — +e; as x — +o0. Therefore, it follows that it is a local minimizer of & with
respect to H' perturbations.

We note that in the intuitive 1D energy for a nanowire sometimes studied in physics
literature for soft materials [4]

1
3 / 0,0|* + K(vhus — vhve) + Q(1 — v?) dx (3.12)
R

the DMI term might lead to an uncontrolled profile winding at the tails to decrease the
micromagnetic energy. This phenomenon is always absent in the reduced 3D to 1D model due
to the presence of two effective anisotropy terms produced by DMI and stray field energies.
Effective anisotropy here globally suppresses conical modulation [3], but modulation occurs
along the domain wall (see Fig. 2).

3.2. Rings with DMI. If our original domain has a geometry of a ring with radius R
and circular cross-section, we can define t(¢) = (—sin ¢, cos ¢, 0), n(¢) = (cos ¢, sin ¢, 0) and
hence

K (v(¢))t(¢) = r(—v3 cos ¢, —vzsin ¢, va sin ¢ + v1 cos ¢) = —kvzn(¢) + kv(e) - n(¢)es.

It is convenient to rescale the domain to be a unit circle, and hence, we can write the energy
rescaled by R as

1

b =5

2m 2m
/0 |9gv|* dg + % /0 (—0pv - nus + v - NOv3) do (3.13)

2 2 1 2
#;A1qum+hﬁl—@ﬂ%¢ (3.14)

When DMI can be neglected, an extensive examination of energy minimizers and the resulting
symmetry-breaking phenomena is carried out in [15] (see also [8] for findings on dynamic
stability).

Observe that the DMI term produces an additional anisotropy along the wire. It is
convenient to introduce local ring coordinates and decompose the magnetization v along the
Frenet frame v = vt + v,n + vsb. We now have dyv = (v; + vp)t + (v), — ve)n + vb and,
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therefore, it is possible to rewrite the reduced 1D energy as

2m
Ee(v) = SFE |0} + vn|? + [v], — vy — Rews|* + |vh + Rev,|” do
1 2m
+— [ (1 —2v?)de (3.15)
47

Let us first try to understand the influence of the DMI in the model with only exchange and
DMI present

1 2
) = —

It is clear that exchange energy wants magnetization to be a constant vector. However, the
presence of DMI breaks the symmetry of the problem and leads to novel types of minimizers.
Indeed, we can solve the system

vy + Un|2 + |v), — v — Rm}g|2 + |vg + RK}Un|2 de.

v+ vp =0, v}, — vy — Rkvs = 0, vh + Rkv, = 0, lv| =1, (3.16)
and obtain the following set of solutions:
vy = \/%cos (V1 + R262¢+¢0) — RkB, (3.17)
v = Asin(v/1 + R2k2¢+¢p), (3.18)
U3 = \/% cos(V1 + R2k2¢+¢o) + (3.19)
where
A? + B*(1+ R*:?) = 1. (3.20)
We also need to make sure that periodicity conditions on v are satisfied and therefore,
provided A # 0, we have the following condition
(14 R*k%) = n?, (3.21)

where n € N. Note that all these solutions yield zero micromagnetic energy (with absent
stray field), and hence, depending on the relation between R and x, we might have several

minimizers. Two minimizers always exists by taking A = 0 and B = iW (see figure 3).

It is interesting to observe that the introduction of DMI breaks the degeneracy of ex-
change interaction, and instead of any constant solution being a minimizer of symmetric
exchange energy we obtain only two global minimizers of energy 58 with anti-symmetric
exchange

fr . 1,
V1+ R2k2 V1 + R2k2
Moreover, when condition (3.21) is satisfied we have a continuum of solutions (cf. (3.17)—
(3.19)) with A and B satisfying (3.20).

An alternative approach to solving the problem sheds light on non-trivial periodic so-
lutions beyond condition (3.21). Let’s define an auxiliary unit vector field as follows:

1 0 0 cos(¢) sin(¢) 0
V= ( 0 cos(a) sin(a) ) . ( —sin(¢) cos(¢) 0 ) ‘v, (3.23)
0 —sin(a) cos(a) 0 0 1

v(6) = F (3.22)
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FIGURE 3. Sketch of the minimizer in the circular wire. Spin configuration is drawn
according to equation (3.28) with an arbitrarily chosen value of v = 2.3.

where a = arctan(Rk). The expression for the energy depending on field © has the following
form:

N I o
58(1)) = 2R2/0 ]8¢v|2 do¢ + 1)18¢?)2 — 1)2(9¢1)1) do

1+R2/€2 /27r )
Fo B - 2)de.
2R ) 3

V1+ R2k2 27
R? 0 (

The resulting Hamiltonian clearly shows that the system is frustrated between two states: a
homogeneous state polarized along the easy axis or a Néel spiral in a perpendicular plane.
We note that it is possible to represent © in spherical coordinates as follows

0 = (sin0(¢) cos (), sin O(¢) sin (), cos O(p))

and rewrite the above energy as
1 2
£3(0, ) = 557 0'|? + sin” O]y’ — V1 + R2k2|2d¢. (3.24)
0

We already have information about minimizers of the energy, but using this representation,
we can also find special solutions to the Euler-Lagrange equations

—0" +sinfcosfly — 1+ R2k22 =0 (3.25)
—(sin? 0¢") + V1 + R2k2(sin® §)' = 0 (3.26)
Here we have to supplement these with boundary conditions (0) = 0(2w) + 2km, 1(0) =

Y(2m) 4+ 2mm, §'(0) = 0'(27), ¥'(0) = ' (2m). We can take § = T and ¢ = nd + ¢, n € N
to deduce

v = (sin(ng + ¢o), cos(né + ¢), 0). (3.27)

Solution (3.27) is almost always a saddle point, except when condition (3.21) is satisfied.
With this exceptional condition, the unstable mode disappears, and the solution (3.27)
coincides with the minimizer.

If we introduce the magnetostatic energy contribution and study energy &, in general,
the minimization problem cannot be solved explicitly anymore, and numerical simulations
are needed to investigate the minimizing configurations. However, we can still find an explicit
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solution

¥ 1
v(p) =F t+ b, 3.28
D=3t i (328
VARZR? + (R2R2 + AR — 1)2 + B2 + L R? — 1
T 2Rk )
It corresponds to taking 6 and v as constants and solving an algebraic problem coming from
Fuler-Lagrange equations for 8 and . Our additional numerical simulations indicate that
(3.28) is a good candidate for minimizer in a wide range of values R and «. Still, the rigorous
clarification of this question is beyond the scope of this work.

(3.29)

Remark 2. We note that our results also apply to some interactions beyond exchange and
DMI. Below, we give one example of such a situation — the Ado interaction — highly
nonlinear interaction possible in several systems with broken inversion symmetry [47, 1].
According to [47, 1], for the crystals with the point group symmetry Ty we have the following
simplified energy
1 1 9
Gg.(v) = / = |Dvl|” 4+ B(viv9v3)V - vdx | . 3.30
=(v) ] 952’ "+ 5( ) (3.30)
Given that K(v)e; - 0,v + K(v)es - 0yv + K(v)es - 0,v = [(vivav3)V - v when K(v) =
B(vivaus)I with I the 3 x 3 identity matrix, using Theorem 1 we can obtain the limiting
energy for Ado interactions

1 332
Ec(v) = 3 /] 0,0 + Burvouvse; |* do — % /Iv%vgvgdx. (3.31)
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