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CONVERGENT FINITE ELEMENT METHODS FOR ANTIFERROMAGNETIC
AND FERRIMAGNETIC MATERIALS

HYWEL NORMINGTON'® AND MICHELE RUGGERI*>*

Abstract. We consider the numerical approximation of a continuum model of antiferromagnetic and
ferrimagnetic materials. The state of the material is described in terms of two unit-length vector fields,
which can be interpreted as the magnetizations averaging the spins of two sublattices. For the static
setting, which requires the solution of a constrained energy minimization problem, we introduce a
discretization based on first-order finite elements and prove its I'-convergence. Then, we propose and
analyze two iterative algorithms for the computation of low-energy stationary points. The algorithms
are obtained from (semi-)implicit time discretizations of gradient flows of the energy. Finally, we extend
the algorithms to the dynamic setting, which consists of a nonlinear system of two Landau-Lifshitz—
Gilbert equations solved by the two fields, and we prove unconditional stability and convergence of the
finite element approximations toward a weak solution of the problem. Numerical experiments assess
the performance of the algorithms and demonstrate their applicability for the simulation of physical
processes involving antiferromagnetic and ferrimagnetic materials.
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1. INTRODUCTION

Antiferromagnetic (AFM) and ferrimagnetic (FiM) materials, materials in which neighboring magnetic
moments tend to align antiparallel to each other (see Fig. 1), have been known for many years. However,
they have recently gained renewed interest, because several theoretical and experimental studies have shown
that AFM and FiM materials have features that could lead to strong improvements of the functionality of
spintronic devices, compared to those based on ferromagnetic (FM) materials [8,19].

In this work, we consider a continuum model that is the state of the art for micromagnetic simulations of
devices based on magnetic processes involving of AFM and FiM materials; see, e.g., the works [25,26, 28,29, 33]
on AFM materials and [14,23,24] on FiM materials. The main elements of the model, an extension of the
classical micromagnetic model of FM materials [12], are an order parameter, which consists of two unit-length
vector fields that can be interpreted as the normalized magnetizations averaging the magnetic moments of two
sublattices, and an energy functional, which consists of several contributions, each of them representing a specific
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FIGURE 1. Classes of magnetic materials. (a) FM. (b) AFM. (c) FiM.
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physical effect. A key feature of the model, that is necessary to describe the antiparallel alignment of the spins
in AFM and FiM materials, is a more complex expression of the exchange energy than in FM materials, which
involves not only the classical Heisenberg exchange interaction penalizing nonuniform configurations, but also
the interaction of the two fields with each other (see the last two terms in the energy functional (1) below).
Similarly to the classical micromagnetic theory, the static problem consists of minimizing the energy functional
over all pairs of unit-length vector fields, whereas the dynamics of each field out of equilibrium is governed by the
Landau-Lifshitz—Gilbert (LLG) equation (see (9) below), with the effective field being the Gateaux derivative of
the energy with respect to the respective field. However, due to the energy contributions involving the interaction
between the two fields, both the Euler-Lagrange equations associated with the minimization problem and the
system of LLG equations are nonlinearly coupled systems of nonlinear partial differential equations.

Building on previous work on the approximation of (the heat flow of) harmonic maps [10] and of the classical
model of FM materials [1, 3], we propose fully discrete numerical schemes for the approximation of both the
static and the dynamic problems.

For the static problem, we propose a discretization based on first-order finite elements and prove that the
discrete energy functional converges to the continuous one in the sense of I'-convergence [11]. Moreover, we pro-
pose two iterative algorithms for the computation of low energy stationary points based on time discretizations
of the gradient flow of the energy functional (see Algorithms 4.4 and 4.5 below). These two algorithms differ
from each other in the time discretization (fully implicit for Algorithm 4.4, semi-implicit for Algorithm 4.5).
For both algorithms, we prove well-posedness of the iteration, an energy-decreasing property, termination of the
iterative loop, an upper bound for the error in the unit-length constraint, and (under a restrictive assumption
on the coefficients appearing in the energy functional) convergence toward a stationary point. Moreover, we
perform numerical experiments to compare the two algorithms and to assess their performance.

Then, we extend the best performing algorithm (and its analysis) to the dynamic problem and show that the
resulting integrator (Algorithm 5.1) is well-posed, stable, and generates approximations that are unconditionally
convergent toward a weak solution of the coupled system of LLG equations. A by-product of our constructive
convergence proof is the first proof of existence of weak solutions for this problem.

In general, the mathematical literature on AFM and FiM materials is much less developed than that of
FM materials. We refer, e.g., to [6,7] for works discussing discrete-to-continuum variational limits of a two-
dimensional atomistic model of AFM materials. As far as the continuum model considered in this work is
concerned, to the authors’ knowledge, the only other work addressing it is [21], where extensions of the Gauss—
Seidel projection method [22,34] have been proposed for its numerical approximation (but no convergence
analysis is discussed).

To sum up, the novel contributions of the present work are the following:

— We provide the first mathematically rigorous formulation of a state-of-the-art model currently used by
applied scientists to simulate processes and devices involving AFM and FiM materials.

— Extending the techniques that have been developed for the approximation of the classical model of FM
materials, we introduce and analyze the first convergent numerical schemes for this model of AFM and FiM
materials.
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The remainder of the paper is organized as follows: in Section 2, we present the mathematical model of AFM
and FiM materials. In Section 3, we introduce the main ingredient of our discretization. The algorithms for the
static problem, their properties, and three numerical experiments are discussed in Section 4. In Section 5, we
extend one of the algorithm and its analysis to the dynamic case, and use it to simulate the dynamics of magnetic
skyrmions in AFM and FM materials. In Section 6, we collect the proofs of all results of the work. Finally, in
Appendix A, we show how to pass from the formulation of the model in physical units to the dimensionless
setting considered in this work.

2. MATHEMATICAL MODEL

Let Q C R? be a bounded Lipschitz domain representing the volume occupied by an AFM or a FiM material.
The magnetic state of the material is described in terms of two unit-length vector fields, m, and ms. The total
magnetization of the sample is given by m = 7y 1M1 + 15 2m2, Where 151, 75,2 > 0 are dimensionless constants.

In what follows, for Lebesgue, Sobolev, and Bochner spaces and norms, we will use the standard notation [16].
To denote (spaces of) vector-valued or matrix-valued functions, we use bold letters, e.g., for any domain U, we
denote both L2(U;R3) and L?(U; R3*3) by L*(U). Moreover, we will denote by (-, -) the inner product of L*(£2)
and by ||-|| the corresponding norm (any other inner product or norm will be denoted by the same notation,
but supplemented with a suitable subscript). We will denote by (-,-) also the duality pairing between H*(Q)
and its dual, and note that it coincides with the inner product of L?(Q) if the arguments are in L?(Q).

2.1. Static problem

Stable magnetic configurations of the sample are described by minimizers my,msy : Q — S? of the energy

functional
2

1
Elmy,my) = 3 Z age||Vmy||? + a1o(Vmy, Vimg) — ag(my, ms), (1)
=1

where the material constants a1, ass, a2, a9 € R satisfy the inequalities
ai1 +ase >0 and ajias > afg. (2)

The three contributions in (1) are called inhomogeneous intralattice exchange, inhomogeneous interlattice
exchange, and homogeneous interlattice exchange, respectively [29]. Minimizers are sought in the set of admissible
pairs of vector fields

X = H'(Q;$?) x H'(Q;S?)

= {(m1,my) € H'(Q) x H'(Q) : |my| = |my| =1 a.e. in Q}. ®)

Note that (2) guarantees that the energy is bounded from below in X, as there holds the inequality E[my, ms] >
—lap||€2] for all (my,m3) € X, and that the energy functional is weakly sequentially lower semicontinuous in
H'(Q) x H'(22) (see Prop. 6.1 below). Hence, existence of minimizers follows from the direct method of calculus
of variations. Stationary points of the energy are admissible pairs (mq,ms) € X which, for all £ = 1,2, solve

(et s, ma), @ — (my - @)me) =0 for all g € H'(@) 0 L™(Q), (4)
where the effective field heg ¢[m1,m2] is the (negative) Gateaux derivative of the energy with respect to my,
i.€.,

(s s sl ) o=

O ap(Vmg, V) —a12(Vms_;, Vo) + apg(ms_g¢, ).

_55[’"’1,1, mg] ¢>

(5?’)’1,4

—
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Equivalently, a stationary point (mi,mso) € X can be seen as the solution, for all £ = 1,2, of

— (et e[m1, ma], @) =0 for all ¢ € K[my], (6)
where the my-dependent test space is given by

Kime ={¢ € H'(Q) : my -4 =0 a.e. in Q}. (7)
Note that (4) and (6) can be interpreted as variational formulations of the boundary value problem

—my X hegg[my, mo] =0 in Q,
d,my =0 on 99,

where v : 9Q — S? denotes the outward-pointing unit normal vector to <.

2.2. Dynamic problem

Out of equilibrium, the dynamics of the time-dependent vector fields m,ms : Q x (0,00) — S? is governed
by a coupled system of two LL.G equations, one for each vector field:

Oy = —nemy X Reg o[ma, ma] + agmy x Oymy for all £ = 1,2, (9)

where 1, ay > 0 are dimensionless constants. Note that the two LLG equations are coupled to each other via
their effective fields. To complete the setting, equation (9) is supplemented with a suitable initial condition and
the same boundary conditions as in (8), i.e.,

me(0) =mf in Q and J,my =0 on dQ x (0,00) forall £=1,2, (10)

for some admissible pair (m{, m3) € X.

In the following definition, we state the notion of a weak solution to the initial boundary value problem (9)
and (10), which naturally extends to the present setting the notion introduced in [5] for the standard LLG
equation.

Definition 2.1 (Weak solution). Let (m{,m) € X. A global weak solution of (9) and (10) is (m;,ms) €
L*>(0, 00; X) such that, for all T > 0, the following properties are satisfied:

(i) mylq, € H*(Qr) for all £ = 1,2, where Qp :=Q x (0,7);
(i) m,(0) = mY? in the sense of traces for all £ = 1,2;
(iii) for all £ = 1,2, for all p € H'(Q7), it holds that

T
/ (@rma(t), (1)) di
0
T . (11)
N /0 (et o[ (£), ma(8)], @ (t) % ma(t)) dt + ag /0 (ma(t) x Dyma(t), @ (1)) dt:

(iv) it holds that

2 T
o
E[ma(T), ma(T)] + ) 77:/ [0em (t)||2dt < E[m], m3]. (12)
0
The variational formulations in (11) are weak formulations of the LLG equations in (9) in the space-time
cylinder Qr, while (12) is a weak counterpart of the energy law
d 2 Qy
Elma (), ma(t)] = _;::1 EH&gmz(t)HQ <0 forall t >0,

satisfied by sufficiently smooth solutions of (9).
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Remark 2.2. For ease of presentation, we consider a dimensionless form of the energy functional. We refer
to Appendix A.1 for its derivation (starting from the equations in physical units usually encountered in the
physical literature). Moreover, we restrict ourselves to the case in which the energy comprises only the exchange
contribution. This is sufficient to capture the main mathematical features of the model: First, the analytical and
numerical treatment of standard lower-order energy contributions (e.g., magnetocrystalline anisotropy, Zeeman
energy, magnetostatic energy, Dzyaloshinskii-Moriya interaction) is well understood (see, e.g., [13,18]). Second,
lower-order terms do not entail the coupling of the fields (see Appendix A.2 for more details). Hence, even in
the presence of lower-order terms, the Euler-Lagrange equations (4) and the system of LLG equations (9) are
exchange-coupled only.

3. PRELIMINARIES

In this section, we collect the notation and the definitions that are necessary to introduce our numerical
schemes.

For the time discretization, we consider uniform partitions of the positive real axis with constant time-step
size T > 0, i.e., t; := i7 for all i € Ny. Given a sequence {¢'};cn,, for all i € Ny we define dy¢™! := (¢'T1 —¢') /7.
We consider the time reconstructions ¢, ¢, ¢F defined, for all i € Ny and ¢ € [t;,ti41), as

¢r(t) = ?qﬁ”l + ”%tqs o7 (t):=¢", and ¢f(t) =gt (13)

Note that 9;¢,(t) = dy¢*T! for all i € Ny and t € [t;, ti11).

The spatial discretization is based on first-order finite elements. We assume 2 to be a polyhedral domain
and consider a family {7}, }r~0 of shape-regular tetrahedral meshes of Q parametrized by the mesh size h =
max ez, diam(K). We denote by N}, the set of vertices of 7j,. For any K € Ty, let P1(K) be the space
of polynomials of degree at most 1 on K. We denote by S'(7},) the space of piecewise affine and globally
continuous functions from € to R, i.e.

SY(Th) = {v, € C°(Q) : |k € PH(K) for all K € Ty, }.

It is well known that S1(7;) is a finite-dimensional subspace of H'(Q) with dimS'(7,) = Nj, := #Nj,. Let
I, : C°(Q) — S'(7;,) denote the nodal interpolation operator, i.e., for all v € C°(2), Zj[v] is the unique
element of S'(7;) satisfying Z,[v](z) = v(z) for all 2 € Aj. We use the same notation to denote its vector-
valued counterpart Zj : CO(Q) — S1(73)3, where the scalar-valued operator is applied to each component of a
vector-valued function.

We consider the mass-lumped L2-product (-,-);, defined by

(4, d)1 = /Q Tulp- ¢ forall g, ¢ € C°(Q). (14)

We recall that this defines an inner product on S'(75)3 and that the induced norm |-||;, satisfies the norm
equivalence

Il < lldnlln < VB l@ull for all ¢, € S'(T1)°, (15)

see Lemma 3.9 from [9]. Moreover, we have that

{n,n) = (@n ¥ninl < ORIV yllLz(o) [Vl for all ¢y, 9, € S'(Th)?, (16)

where C' > 0 depends only on the shape-regularity of 7; see again Lemma 3.9 from [9].

We conclude this section with a notational remark: in what follows, we will always denote by C' > 0 a generic
constant, which will be always independent of the discretization parameters, but not necessarily the same at
each occurrence.
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4. NUMERICAL ENERGY MINIMIZATION

In this section, we introduce a finite element discretization of the energy minimization problem and show
its convergence in the sense of I'-convergence. Then, we introduce two fully discrete algorithms to approximate
stationary points of the energy functional (1). We state our results regarding well-posedness, stability, and
convergence of the algorithms and underpin our theoretical results with numerical experiments. To make the
presentation of the results concise, all proofs are postponed to Section 6.1.

4.1. Finite element discretization

To discretize the set of admissible pairs in (3), given a mesh 7;, and a parameter 6 > 0, we consider the set

Xns = {(m1ns,mans) €SN (Th)? x SU(Tn)? : | Znllmensl’] = 111 () < 6 for all £=1,2}.

Note that, at the discrete level, the unit-length constraint is relaxed [1,10] as only a mild control in the L'-norm
of the error is enforced.

The discrete static problem consists of seeking a minimizer of the energy functional (1) in the set of discrete
admissible pairs in A}, 5. In the following theorem, we show that the discrete energy functional & 5[, -] =
Elx, 5[+ ] converges toward the continuous one in the sense of I'-convergence. We note that our discretization is
consistent, i.e., we do not modify the energy functional, but we restrict the set in which minimizers are sought.

Theorem 4.1 (T-convergence). The following two properties hold:

(1) Lim-inf inequality: For every sequence {(m1 ns,Mans)} with (M s, Mans) € Xns for all h,d > 0
such that, for some (myi,mg) € X, myps — my in H'(Q) as h,6 — 0 for all £ = 1,2, we have that
E[my, mo] < liminfy, 50 & 5[M1,h.5, M2p,5)-

(ii) Ewistence of a recovery sequence: For every (m1,mq) € X, there exists a sequence {(m1 5, M2 s5)} with
(mans,Mans) € Xns for all h,§ > 0 such that (my p5, Mo ps) — (M1, ma) in Hl(Q) X Hl(Q) and
5h75[m1,h75, m27h75] — 5[7’)’7,1, mg] as h,5 — 0.

A well-known consequence of I'-convergence is the convergence of discrete global minimizers.

Corollary 4.2. Let {(m1 .5, M2,5)} be a sequence such that (mq 5, M2 ns) € Xns is a global minimizer of
the discrete energy functional E 5[+, -] for all h,d > 0. Then, every accumulation point (my, mz) of the sequence
belongs to X and is a global minimizer of the continuous energy functional E[-,-].

We omit the proof of Corollary 4.2 as it is based on standard I'-convergence arguments; see, e.g., Section 1.5
from [11]. Moreover, we recall that T'-convergence does not imply the convergence of local minimizers.
4.2. Computation of low energy stationary points

Let H be a Hilbert space with inner product (-,-)3¢ such that X is continuously embedded in H x H.
Furthermore, we suppose that there exists a constant cs¢ > 1 such that

cr 1ol < @l < el bl o) for all ¢ € H' (). (17)

To find stationary points with low energy, we propose two iterative algorithms that are based on two discretiza-
tions of the dissipative dynamics governed by the H-gradient flow of the energy

65[’"11, mg]

(Dymee, Pae + < ¢> =0 forallpeK[mg (£=1,2). (18)

(5TrI,g ’

The spatial discretization of both methods is based on first-order finite elements as described in Section 3. As a
discrete counterpart of the space of pointwise orthogonal vector fields in (7), for m), € S'(7},)? with my(2) # 0
for all z € N}, we consider the finite-dimensional space

IKCnlmy) = {¢), € S'(Tn)? : mu(z) - ¢,(2) =0 for all z € N} }. (19)
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For discrete functions, the pointwise orthogonality of (7) is required to hold only at the vertices of the mesh.
Note that Cp,[my,] is a subspace of S*(73,)? with dimension 2N,. The time discretization is based on two different
time-stepping methods.

Remark 4.3. In this section, we refer to the variable ¢ as time (accordingly, we refer to T below as the time-step
size). However, note that we are considering the static setting, with the time variable ¢ playing the role of a
pseudo-time, introduced only for numerical purposes.

The first method is proposed in the following algorithm.

Algorithm 4.4 (Coupled discrete gradient flow). Discretization parameters: Mesh size h > 0, time-step
size 7 > 0, tolerance € > 0.
Input: Initial guess (mf ,,m3 ;) € §'(T)* x §'(T,)? such that, for all £ = 1,2, [m, (z)| = 1 for all z € Nj.
Loop: For all i € Ny, iterate (i) and (ii) until the stopping criterion (stop) is met:
(i) Given (mj,,m},) € S'(T)* x 8'(T1)?, compute (v} ,,v5 ;) € Kn[m] ;] x Kp[m ] such that, for all
(1,1, Po) € Kn[mi ] x ICu[m ;] and £ = 1,2, it holds that

i i ai2 i ag i
(Vo> Pon)r + aum (VU 1, Vb, 1) + 77<VU37M7 Vaéun — ?T<U347h7 bon)

= —au (Vi ,, Vg ) —a12(Vmb Vg ,) + aolmb g, ¢ p)- (20)
(ii) Define | _ |
mytl=mj, +rvj, forall (=12 (21)

(stop) Stop iterating (i) and (ii) if (v} ,,,v5 ) € Kn[m] ,] x ICxu[ml ;] satisfies
mave (1[0 3 + 71 V0l %) < <2102 (22)
Output: If i* € Ny denotes the smal}est in}eger satisfying the stopping criterion (22), define the approximate
stationary point (mi p, map) = (M ,, M5 4, ).
The second method is proposed in the following algorithm.

Algorithm 4.5 (Decoupled discrete gradient flow). Discretization parameters: Mesh size h > 0, time-step
size 7 > 0, tolerance € > 0.
Input: Initial guess (mf ,,m3 ;) € §'(T)* x §'(7,)? such that, for all £ = 1,2, [m, (z)| = 1 for all z € Nj.
Loop: For all i € Ny, iterate (i) and (ii) until the stopping criterion (stop) is met:
(i) Given (mj ,,m},) € S'(Tp)* x §'(T1)?, compute (v} ;,,v5,,) € Kn[mi ;] x Kp[m} ] such that, for all
(1.0 o) € Kn[mi ] x Kp[m} ] and £ = 1,2, it holds that

<v2h» bop)H + CWT<V1’2h» Vo)

= —au(Vmj;,, V,,) —a1a(Vmi_ ., V) +ag(ms_y,, ¢4 (23)
(ii) Define | A |
mw} = m}yh + T’Uzh for all ¢ =1, 2. (24)

(stop) Stop iterating (i) and (ii) if (v} ;,,v5 ;) € Kn[m] ,] x ICu[m} ;] satisfies

ma (/0] 4 + 7 V0 4 ?) < %[0 (25)

Output: If i* € Ny denotes the smallest integer satisfying the stopping criterion (25), define the approximate
stationary point (mq 5, may,) 1= (m‘lh,m’;h)
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In both Algorithms 4.4 and 4.5 the iteration stops when the size of the updates is sufficiently small (according
to (22) and (25), respectively). The algorithms are characterized by a different treatment of the inhomogeneous
and homogeneous interlattice exchange contributions, which are treated implicitly in Algorithm 4.4 and explicitly
in Algorithm 4.5. One immediate consequence is that in Algorithm 4.4 the two equations are coupled (as they
are in the continuous problem) and one iteration of the algorithm requires the solution of one 4Nj-by-4N}, linear
system, whereas in Algorithm 4.5 the two equations are decoupled and one iteration of the algorithm requires
the solution of two 2Np-by-2N}, linear systems (that are independent of each other and thus can be solved in
parallel). This difference will affect the solvability and energetic behavior of the algorithms, which will be the
subject of the following propositions.

In the following proposition, we establish the properties of Algorithm 4.4.

Proposition 4.6 (Properties of Algorithm 4.4). There hold the following statements:

(i) Suppose that T satisfies c3¢|ao|T < 2, where aq is one of the coefficients in (1) and cyy is the constant
in (17). Then, for all i € No, equation (20) admits a unique solution (v} ,,v5 ;) € ICh[myy ;] X KCp[ms 4 ].
(ii) Under the assumption of part (i), suppose that T additionally satisfies cyer|ag|T < 1, where e > 0 is a
constant which depends only on the shape-reqularity of the family of meshes. Then, Algorithm 4./ terminates
within a finite number of iterations. In particular, the approzimate stationary point (mq p,may) is well
defined.
(iii) Under the assumption of part (i), for all i € Ny, the iterates of Algorithm 4.4 satisfy

2 9 2
. . . . . T .
g[mllfhlvmzthl] = &[mi ,m5 ] = *TZ”’UE,}LH%L ) ZW@HV"’Z}LHQ- (26)
=1 =1

In particular, the sequence of energies generated by the algorithm is monotonically decreasing, i.e., it holds
i+1 i+l ; i
that 5[m11J,rh ’m;rh] < Emy y,mh ]
(iv) Under the assumptions of part (ii), there exists C > 0 such that the approximate stationary point
(ma n, may) satisfies

2
||Ih[‘me7h|2] — 1||L1(Q) <Ot <1 + ng’h|?’_‘[1(ﬂ)> for all £ =1,2.
=1

The constant C > 0 depends only on a1, a1z, a2, ag, ¢, and the shape-reqularity of the family of meshes.
Corresponding results for Algorithm 4.5 are the subject of the following proposition.

Proposition 4.7 (Properties of Algorithm 4.5). There hold the following statements:

(i) For all i € Ny, (23) admits a unique solution (v} ;,,v5 ;) € Kp[m] ;] x Kn[mj ,].

(if) Suppose that T satisfies ca (e /24cr)|ao|T < 1, where ag is one of the coefficients in (1), ey is the constant
in (17), and e > 0 is a constant which depends only on the shape-regqularity of the family of meshes. Then,
Algorithm 4.5 terminates within a finite number of iterations. In particular, the approximate stationary
point (my p, May,) is well defined.

(iii) For all i € Ny, the iterates of Algorithm 4.5 satisfy

2 5 2
. . . . . T .
g[mll—,i_hl’m?_hl] = &[mi ), m5 ] = —TZH’UZhH?H Y ZCWHV’UZh”Q
(=1 =1
+ a127'2<szl7h, V’u§7h> — a072<v§)h, v’27h). (27)

Moreover, if T satisfies cg,_‘|a0|7' < 2, then the sequence of energies generated by the algorithm is monoton-
ically decreasing, i.e., it holds that Em't! mitl] < Elmi j,,mb 4.
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(iv) Under the assumptions of part (ii), there exists C > 0 such that the approzimate stationary point
(ma p, may) satisfies

2

||Ihﬂme,h|2] — Ui <CT <1 + ng,h|%{1(ﬂ)> for all £=1,2.
=1

The constant C > 0 depends only on ai1, a1z, ass, ag, ¢, and the shape-regularity of the family of meshes.

Each iteration of Algorithm 4.4 is well defined if the time-step size is sufficiently small. Moreover, the algo-
rithm unconditionally generates a monotonically decreasing sequence of energies. Conversely, each iteration of
Algorithm 4.5 is unconditionally well defined, but the sequence of energies it generates is monotonically decreas-
ing only if the time-step size is sufficiently small. Furthermore, we note that the inequalities in point (iv) of both
Propositions 4.6 and 4.7 show that if the initial guesses are uniformly bounded in H*(Q) (in the sense of (28)
below), then the approximate stationary points generated by the algorithms belong to the set of admissible
pairs A}, 5 with § of the form 6 = C'r.

In the following theorem, we show that the sequence of approximate stationary points computed with both
algorithms converges toward an admissible pair in X as the discretization parameters go to zero. If we neglect
the inhomogeneous interlattice exchange contribution, we can identify the limit with a stationary point of the
energy functional (1).

Theorem 4.8 (Convergence of Algorithms 4.4 and 4.5). Suppose that there exists ¢y > 0, independent of the
discretization parameters h, T, and €, such that

2
?fi% (an?,h”iﬂ(ﬂ)> < ¢co- (28)

{=1

Suppose that 7 — 0 and ¢ — 0 as h — 0. Then, as h — 0, the sequence of approximate stationary points
{(ma,n, man) >0 generated by either Algorithms 4.4 or 4.5, upon extraction of a subsequence, converges weakly
in H'(Q) x H'(Q) toward a point (my,ms) € X. If a1o = 0, the limit (m1,my) € X is a stationary point of
the energy functional (1).

A byproduct of Theorem 4.8 is the existence of weak solutions to the Euler—Lagrange equations (4) for the
case aijo = 0.

Remark 4.9. In our analysis, we can identify the limit of the sequence of approximate stationary points with a
stationary point of the energy only if we assume that a12 = 0, i.e., if we neglect the inhomogeneous interlattice
exchange contribution from the energy. This restriction is related to the fact that, if a5 # 0, the weak formulation
of the approximate Euler-Lagrange equations satisfied by (my ,m25) contains a term that involves the L2-
product of Vimy j, and Vmg j,. Since (my , ma ) converges to (mq, ms) only weakly in HI(Q) X Hl(Q)7 we
are not allowed to pass this term to the limit. We believe that this issue comes from the fact that our algorithms
do not use any regularization, so that the stability analysis does not yield any additional regularity (and thus
no stronger convergence properties) that would allow us to use arguments based on compensated compactness
(see, e.g., [15], Chap. 5 or [32], Sect. 1.3). However, we note that our numerical experiments suggest that the
algorithms behave well even if a15 # 0. Moreover, in many situations (see, e.g., [26,28]), the inhomogeneous
interlattice exchange contribution is of limited physical value and is omitted, so that the current theory already
covers many applications.

4.3. Numerical experiments

Before moving to the dynamic case, we show the effectivity of the proposed algorithms with two numerical
experiments. The computations presented in this section (and in Sect. 5.2 below) have been performed with
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an implementation based on the open-source finite element library Netgen/NGSolve [30] (version 6.2.2302).
Lower-order energy contributions such as magnetocrystalline anisotropy, Dzyaloshinskii—-Moriya interaction,
and Zeeman energy (cf. Sect. A.2), omitted in our analysis, are treated explicitly (and thus contribute only
to the right-hand-sides of (20) and (23)); see [1,13]. The orthogonality constraint in (20) and (23) is enforced
using the null-space method discussed in [20,27]. The resulting linear systems are solved using the generalized
minimal residual method (GMRES) with an incomplete LU decomposition preconditioner. We note that in the
static case, the use of the conjugate gradient method is possible due to symmetry, but we use GMRES in these
tests to maintain consistency with the dynamic case (see Sect. 5.2 below). All computations have been made on
an i5-9500 CPU with 16 GB of installed memory. Magnetization configurations are visualized with ParaView [2].

4.8.1. Comparison of the algorithms

In this experiment, we aim to compare to each other Algorithms 4.4 and 4.5, and to evaluate the impact on
their performance of the choice of the gradient flow metric, i.e., the inner product (-,-)s in (18).

For the dimensionless setting discussed in Section 2, we consider a toy problem on the unit cube 2 =
(—1/2,1/2)3. The total energy consists of exchange and uniaxial anisotropy, i.e.,

Elmy,my| = Z Qe / |Vm£\ + a12/ Vmi: Vmy —ag ©My
Q
q q
+51/[1—<a-m1> 8 [ (aomap)
Q Q
with exchange constants a11 = 2, ags = 1, a2 = —1/2, and a9 = —100, anisotropy constants ¢; = 5 and g2 = 10,
and easy axis a = (1,1,1)/ V3. Tt is easy to see that for this setup the energy minimization problem admits two

global minimizers (mi, m¥) = +(a, —a) and that the energy value at the minimizers is £[m7, mi] = —100.

For the discretization, we consider a tetrahedral mesh generated by Netgen with mesh size h ~ 0.209 (1433
vertices and 6201 elements) and we set 7 = 1073 and ¢ = 10~*. Starting from the constant initial guess
m) , = (1,0,0) and mj , = (0,1,0), we run Algorithms 4.4 and 4.5 for three different choices for the gradient
flow metric: the L2-metric (-, = (-,+), the mass-lumped L2-metric (-, -)3y = (-, (see (14)), and the H'-
metric (-, ) = (-,-) +(V(-), V(+)). For all six runs (two algorithms, three metrics each), the iterative algorithm
returns as an approximate stationary point an approximation of the minimizer (mj,my) = (—a, a).

In Table 1, we compare the performance of each combination in terms of

— the final energy £[my 5, ms ] of the approximate stationary point (energy);

— the difference [y 5, Mo ) + 100 between the final energy [ p, M2 5] of the normalized approximate
stationary point (proj. energy err.) and the expected energy —100, where iy, = Ip[my ,/|me, || for all
{=1,2;

— the number of iterations necessary to meet the stopping criterion (num. iter.);

— the average solve time per iteration (solve time), measured in s, where the solve time is defined as the time
needed to solve the linear system (20) for Algorithm 4.4 and as the sum of the times needed to solve the
two linear systems (23) (one for £ = 1 and one for ¢ = 2) for Algorithm 4.5;

— the error in the unit-length constraint measured in the L'-norm, i.e., errji := max;—1 2 ||Ih[|mg,h|2] -
Uz (e)s

— the error in the unit-length constraint measured in the L>°-norm, i.e., errpe := maxe—1 |[men| L= () — 1.

Moreover, in Figure 2, for all six combinations of algorithms and metrics, we plot the evolution of the energy
during the iteration.

In the very first part of the gradient flow dynamics (corresponding roughly to the first 15 iterations), the
constant initial guess with m; and mo perpendicular to each other evolves to reach a constant state with an
antiparallel alignment of the fields. This yields a strong reduction of the ag-modulated homogeneous interlattice
exchange contribution (with the total energy abruptly dropping from an initial value of about 41 to —42). The
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TABLE 1. Experiment of Section 4.3.1: Comparison of algorithms and gradient flow metrics
(constant initial guess).

Algorithm 4.4 (coupled) Algorithm 4.5 (decoupled)
H (L2, 1) (Z*(), [I1fln)  H'(Q) (L2, 1) (Z*(), [I]l»)  H'(2)
Energy —111.59 —111.59 —111.59 —111.38 —111.38 —111.38
Proj. energy err.  8.56 x 10711 856 x 107! 856 x 107 9.90 x 107 9.90 x 107'*  9.90 x 107!
Num. iter. 249 249 249 275 275 275
Solve time 0.223 0.232 0.376 0.095 0.094 0.209
erTro 0.049 0.049 0.049 0.047 0.047 0.047
erry1 0.100 0.100 0.100 9.61 x 1072 9.61x1072  9.61x107?
T T
Alg. 4.4 Alg. 4.5
0l (L2, 1) :
& (L2, [[ln)  ~=-
= 1
o —50 H'(Q) |
—100 |- N\c m —mmmmmmmmmmmmmmmmm e mmmm oo -
e
0 50 100 150 200 250
iteration

FIGURE 2. Experiment of Section 4.3.1: Evolution of the energy with different algorithms and
gradient flow metrics (constant initial guess).

rest of the dynamics is slower and consists of a rotation of the pair of constant fields which make them align to
the direction of the easy axis as prescribed by the anisotropy energy contribution.

Looking at the results, we observe that Algorithms 4.4 and 4.5 require approximately the same number of
iterations to fulfill the stopping criterion (those of Algorithm 4.4 are slightly less than those of Algorithm 4.5).
The energy decay of Algorithm 4.4 is faster than the one of Algorithm 4.5, but this does not lead to a significantly
smaller number of iterations. On the other hand, the average solve time of Algorithm 4.5 is about half of the
one of Algorithm 4.4, which makes the simulations performed with the decoupled algorithm significantly faster.
The different metrics are practically identical (except for a minimal difference in the average solve time). For
the L2- and mass-lumped L2-metric, this is unsurprising, since they are equivalent to each other; see (15). We
believe that the equivalence to the H'-metric in this example (with constant initial guess) is due to the fact
that the updates ”é,h are essentially uniform, and hence their gradients Vv};, ,, are essentially zero. It follows
that in the numerical scheme, the gradient part of the H'-metric is small, reducing to the L2-metric.

There is a significant discrepancy between the value of the energy at the minimizer (€ [mf, mj] = —100)
and the one of its approximation (£[mq p, m2 ] = —111). However, if we remove the error in the unit-length
constraint by normalizing the fields at the vertices of the mesh, we obtain the desired value up to the tenth
digit. This shows that our projection-free algorithms are perfectly able to identify the minimizers. However, for
a quantitative match of the energy values, the error in the constraint needs to be removed or reduced (applying
a nodal projection to the final configuration or decreasing the time-step size).

Next, we repeat the experiment, but this time we start from a random initial guess (the same for all simu-
lations). For all six runs, the iterative algorithm again returns as an approximate stationary point an approx-
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TABLE 2. Experiment of Section 4.3.1: Comparison of algorithms and gradient flow metrics
(random initial guess).

Algorithm 4.4 (coupled) Algorithm 4.5 (decoupled)
H (L2, ) (Z*), [I]ln)  H'(2) (L2, 1) (Z*(), [I]l»)  H'(2)
Energy —182.36 —158.04 —100.38 —182.70 —158.03 —100.38
Proj. energy err. 570 x 107 6.33x 1071 6.02x107° 6.54x 107" 770x 107 6.02x 107°
Num. iter. 231 231 13713 252 254 13718
Solve time 0.220 0.227 0.347 0.093 0.092 0.170
errp oo 1.185 0.923 0.004 1.196 0.905 0.004
erry1 0.668 0.433 2.51 x 107%  0.670 0.428 2.51 x 1073

imation of the minimizer (m;,m, ) = (—a, a). The results are displayed in Table 2. The faster average solve
time of Algorithm 4.5 observed for the case of a constant initial guess is confirmed. However, in this case, we
observe a clear difference between the L?-metrics (with and without mass lumping) and the H!-metric, with the
latter requiring a significantly larger number of iterations (ca 13700 against 200-300), which results in longer
computational times. However, as far as the unit-length constraint is concerned, the H'-metric is characterized
by a much better accuracy.

Overall, our experiments show that the decoupled approach of Algorithm 4.5, due to its computational
efficiency, is preferable over the coupled one of Algorithm 4.4. On the other hand, the choice of the gradient
flow metric is more delicate. While for a constant initial guess (with low exchange energy) the metrics are
essentially equivalent, for a random initial guess (with large exchange energy) the H'-metric guarantees a
significantly smaller violation of the unit-length constraint at the discrete level (which, however, is obtained at
the price of higher computational costs). In this respect, we conclude by observing that, for any metric, the
solvability of Algorithm 4.4 and the stability of Algorithm 4.5 require 7 to be sufficiently small (see Props. 4.6(i),
(ii) and 4.7(ii), (iii), respectively). This is different from what happens for similar algorithms to approximate
harmonic maps [10] (or energy minimizers of the standard micromagnetic energy for FM materials), where the
stabilizing effect of the H'-metric allows the use of very large time-step sizes, which usually yields a significant
reduction of the number of iterations needed to achieve convergence.

4.8.2. AFM skyrmion formation

In this experiment, we aim to highlight the capability of our algorithms to compute stable magnetization
configurations in AFM materials.

The domain is an AFM nanodisk of thickness 1 nm (aligned with x3-axis) and diameter 60 nm (aligned with the
z1zo-plane). The energy consists of exchange, out-of-plane uniaxial anisotropy, and interfacial Dzyaloshinskii—
Moriya interaction, and reads as

2

2
1
g[ml,mg]:52am/|Vmg|27a0/m10m2+%/[17(a0m1)z]
— Q Q Q

~

=1
+q22/ﬂ[1—(a'm2)2}+/ﬂﬁi(lexmﬁ"'/QD:(Vm?X""?)’

where the dimensionless parameters ai1, as2, ag, ¢ and D are obtained from the material parameters collected
in Table 3 as explained in Appendix A.
For the discretization, we consider a tetrahedral mesh 7, generated by Netgen with mesh size 3.36 nm (1660

vertices and 4694 elements), i.e., well below the exchange length of fo = 2A11/(M0M5271) = 8.61 nm, Here,
po > 0 denotes the vacuum permeability (in N/A?).
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TABLE 3. Experiment of Section 4.3.2: Material parameters. All values are taken from [28],
except those of a and D. Here, we denote by {e1, e, 3} the canonical basis of R3.

Parameter Value
Ms,h Ms,2 376kA/m
A, Aso 6.59pJ/m

Ais 0

Ao —6.59pJ/m

a 1nm

K 0.15 MJ/m?

a €3

D D(—e1®ex+ex®er)
D 3mJ/m?

FI1GURE 3. Experiments of Sections 4.3.2 and 4.3.3: Initial guesses for Algorithm 4.5. The
orientation of m{ ;, (vesp., m3 ) is shown in red (resp., blue). In (a), we have m{ ;, ~ e, in the
internal region, m{ ;, &~ —e; in the external region, and m9, ~ —m} , in the entire domain
(AFM alignment). In (b), we have m%h as in (a), but mg,h R~ m(f,h (FM alignment).

As an initial guess, we consider a perturbed skyrmion-like AFM state; see Figure 3a. More precisely, we
consider the auxiliary function

1 1

1 +exp(20(\/m— 10)) 2

and start from the initial condition m4 2 = (0,0, & finit). This is then interpolated using the built-in Oswald-
type interpolation of NGSolve before undergoing a nodal projection, random perturbation (up to 0.3 in each
component) and another nodal projection. The value 10 in the expression of fiyit corresponds to 10nm and
refers to the radius of the inner circle. The decay constant 20 makes the transition reasonably sharp before
projecting.

Starting from this configuration, we run Algorithm 4.5 (in our opinion, the best performing one in Sect. 4.3.1)
with dimensionless time-step size 7 and stopping tolerance € both equal to 1 x 1073,

In Figures 4a and 4b below, we show the stable configurations obtained running Algorithm 4.5 with H'-
metric. We see that both fields are Néel-type skyrmions [17] (with the cores pointing up for my ) and down

finit(xay,z) =
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TABLE 4. Experiment of Section 4.3.2: Comparison of gradient flow metrics for Algorithm 4.5.

Algorithm 4.5

H (L2, 11D (), [I»)  H(?)
Energy —4.362 x 10°  —4.287 x 10°  —4.256 x 10°
Num. iter. 17552 17704 17784

Solve time  0.060 0.050 0.058

erryo 0.165 0.100 0.061

errp1 95.134 44.173 23.411

for myg j,, in line with the orientation of the field in the internal region for the corresponding initial condition),
which is typical for magnetic systems characterized by interfacial Dzyaloshinskii-Moriya interaction. Moreover,
as expected for an AFM material, we have that m , = —mo .

In Table 4, we compare the performance of the three gradient flow metrics considered in Section 4.3.1. We see
that, in terms of final energy value, number of iterations, and average solve time, the performance of the three
metrics is comparable. On the other hand, as far as the violation of the unit-length constraint is concerned, the
H'-metric exhibits the best performance.

4.3.3. The role of ag

The interaction of m; and msy with each other is incorporated into the model by means of two contributions
of the energy functional (1): the aja-modulated inhomogeneous interlattice exchange contribution and the ag-
modulated homogeneous interlattice exchange contribution. The first one is of limited physical value (that is
why it is often omitted as, e.g., in [26,28]) and is mathematically dominated by the inhomogeneous intralattice
exchange contributions (c¢f. assumption (2)). As far as the coupling of the fields is concerned, the main player
is indeed the ap-modulated energy term. In particular, it is easily seen that negative values of ag (as those
considered in all experiments presented so far) favors minimizers with an antiparallel alignment of the fields
(typical for AFM and FiM materials), whereas positive values of ag induce a parallel alignment. Moreover, if
ag > 0, the energy functional (1) yields, up to positive multiplicative and additive constants, a weighted squared
H'-norm for the total magnetization m = 75,111 + 1s,2M2, which resembles (and therefore behaves like) the
standard micromagnetic energy for FM materials.

In this experiment, we investigate these aspects numerically. To this end, we repeat the experiment of
Section 4.3.2 with combinations of the following modifications. On the one hand, we test positive and neg-
ative values of ag (by setting Ag = £6.59pJ/m, ¢f. Tab. 3). On the other hand, we use either the previous
AFM initial guess or its FM sister in which the fields are almost aligned with each other (shown in Fig. 3b).
For these four setup combinations (two values for ag, two initial guesses), but otherwise the same material and
discretization parameters as in Section 4.3.2, we run Algorithm 4.5 with H'-metric and mass-lumped L2-metric.

In Table 5, we compare the results of the eights simulations (two values of ag, two initial guesses, two gradient
flow metrics), whereas in Figure 4 we show the approximate stationary points computed by Algorithm 4.5 with
H'-metric (the mass-lumped L2-metric led to the same approximate stationary points). In all cases, the expected
FM/AFM coupling of the fields is observed. We see that, if the sign of ag and the mutual alignment of the fields
in the initial guess match, i.e., either ag < 0 with AFM initial guess or ag > 0 with FM initial guess, both fields
in the final state are Néel-type skyrmions, with mq ;, = —m p, if ag < 0 (see Figs. 4a and 4b) and mo j, = mq
if ag > 0 (see Figs. 4e and 4f). In terms of final energy value, number of iterations, and average solve time, the
results for the two metrics are very similar, whereas the performance is different in terms of constraint violation
error, with the one of the H'-metric being smaller. On the other hand, in the nonmatching setups, i.e., either
ag > 0 with AFM initial guess or ag < 0 with FM initial guess, the number of iterations required to meet the
stopping criterion is generically greater (which is not surprising, as the gradient flow dynamics must enforce also
the mutual alignment of the fields prescribed by the sign of ag). Moreover, the performance of the two metrics
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FIGURE 4. Experiments of Sections 4.3.2 and 4.3.3: Stable configurations computed using
Algorithm 4.5 with H!-metric, using varied initial guess (cf. Fig. 3), and positive or negative
ap. In the pictures, the color scale refers to the third component of the fields, which attains
values between —1 (blue) and 1 (red). (a) mq 5, ap < 0, AFM initial guess. (b) ma p, ag <0,
AFM initial guess. (¢) my p, ag < 0, FM initial guess. (d) mqp, ag < 0, FM initial guess. (e)
maq pn, ap > 0, FM initial guess. (f) mqp, ag > 0, FM initial guess. (g) mq p, ap > 0, AFM
initial guess. (h) mq s, ap > 0, AFM initial guess.

181



182 H. NORMINGTON AND M. RUGGERI

TABLE 5. Experiment of Section 4.3.3: Comparison of gradient flow metrics for Algorithm 4.5
using varied initial guess (¢f. Fig. 3), and positive or negative ag.

ao < 0, AFM initial guess ao > 0, AFM initial guess
H (L), IIln)  H'() (L), [I]ln)  H'(Q)
Energy —4.287 x 10° —4.256 x 10° —4.913 x 10° —4.817 x 10°
Num. iter. 17704 17784 58518 41319
Solve time  0.060 0.069 0.072 0.070
erryco 0.100 0.061 0.252 0.121
errp1 44.173 23.541 451.584 386.488
Final state Figures 4a, 4b Figures 4g, 4h

ap < 0, FM initial guess aop > 0, FM initial guess
H (L), [I-ln)  HY(Q) (L2(Q), |Iln)  H'(Q)
Energy —4.911 x 10° —4.805 x 10° —4.287 x 10° —4.256 x 10°
Num. iter. 220489 17849 16 547 16523
solve time  0.066 0.067 0.060 0.068
erry,co 0.174 0.148 0.108 0.069
erryp1 452.250 381.746 44.018 23.551
Final state Figures 4c, 4d Figures 4e, 4f

is different not only in terms of constraint violation error (which is the case for the matching setups), but also
in terms of number of iterations needed to reach the stopping criterion. This is particularly extreme for the case
ap < 0 with FM initial guess, for which the mass-lumped L2?-metric requires over 200k iterations, despite the
H'-metric taking only 17k. Furthermore, the final states obtained for the nonmatching setups are not pairs of
skyrmions, but different configurations characterized by larger energy values. We see that, if ag < 0 with FM
initial guess, the disk is divided in half, with a transition between generally pointing up and generally pointing
down (see Figs. 4c and 4d). On the other hand, if ag > 0 with AFM initial guess, the final state exhibits for
both fields a line in the middle pointing down, with two parallel sections pointing upwards (see Figs. 4g and 4h).
A similar stable state can be observed in Figure 2 from [33].

5. NUMERICAL APPROXIMATION OF THE LLG SYSTEM

In this section, starting from Algorithm 4.5, we introduce a fully discrete algorithm to approximate solutions
of the initial boundary value problem (9) and (10) for the coupled system of LLG equations modeling the
dynamics of AFM and FiM materials. We state well-posedness, stability, and unconditional convergence of the
approximations toward a weak solution of the problem, and present numerical experiments to show its applica-
bility for the simulation of the dynamics of magnetic skyrmions in AFM materials. To make the presentation
of the results concise, all proofs are postponed to Section 6.2.

5.1. Numerical algorithm and main results

The method we propose, stated in the following algorithm, is based on the projection-free tangent plane
scheme from [1,10,18] and employs the decoupled approach of Algorithm 4.5. Like in the static case, the spatial
discretization is based on first-order finite elements (see Sect. 3).

Algorithm 5.1 (Tangent plane scheme). Discretization parameters: Mesh size h > 0, time-step size 7 > 0.
Input: Approximate initial condition (m? ,,m9 ;) € §'(7,)® x §*(73)? such that, for all £ = 1,2, |m?, (z)| = 1
for all z € N},. 7 7 7

Loop: For all i € Ny, iterate (i) and (ii) until the stopping criterion (stop) is met:
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(i) Given (mj,,mj,) € S'(T)* x 8'(T1)?, compute (v} ;,,v5,,) € Kn[m] ;] x Kp[m} ] such that, for all
£ =1,2, for all (¢, 5, Py ) € Knmi ] x KCn[ms ], it holds that

W@Zm ¢e,h>h + <mé,h X 'Ué,hv ¢e,h,>h + WW@WV’U@,}N V¢e,h>

= 777£a€€<vm2h7 V¢Z,h> — Uga12<Vmé_€7h, V¢£,h> —+ Moo <mé—€,h7 ¢£,h> . (29)
(ii) Define
m?;ll = mzh + Tvzh forall £ =1, 2. (30)

Output: Sequence of approximations {(m} ;,, m} ) }ien,-

Starting from approximations m?ym m%h € SY(73,)? of the initial conditions, in each step of Algorithm 5.1,
the new approximations are computed updating the current ones using a predictor-corrector approach. In the
predictor step, (29) are discretizations of

o Oy + my X Oy = g heg o[ma, ma] — 1 (et o[, mo] - my)my  for all £ =1,2,

an equivalent reformulation of (9) that can be obtained using standard vector identities as well as the relations
|m¢| = 1 and my - Oymy = 0 [4]. The discrete problems are posed in the discrete tangent space (19), which
yields a natural linearization. Like in Algorithm 4.5, the inhomogeneous intralattice exchange contribution is
treated implicitly, whereas the interlattice contributions are treated explicitly. By doing this, the system of LLG
equations is decoupled and one has to solve two, independent of each other, 2/Np-by-2N}, linear systems per
time-step. The corrector step (30) is a simple projection-free first-order time-stepping.

In the following proposition, we show that Algorithm 5.1 is well-defined.

Proposition 5.2 (Well-posedness of Algorithm 5.1). For alli € Ny, (29) admits a unique solution (Uih’ vy ) €
ICh[m’i7h] X Kh[mgﬂ]. In particular, each iteration of Algorithm 5.1 is well-defined.

In the following proposition, we characterize the energy behavior of Algorithm 5.1.

Proposition 5.3 (Discrete energy law and stability of Algorithm 5.1). There hold the following statements:

(i) For alli € Ny, the approzimations generated by Algorithm 5.1 satisfy the identity

22
5[m11+h1’m1+h1] 5[m1 hamzh = —TZ ||W wllf = Z‘WHV”%JL”Q
=1
+ a1oT (Vvih,V'v%’,) — a072<'u§,h,vé’h>. (31)

(ii) If7 < 2 min{ay, as}/|ag|, for all j € N, the approzimations generated by Algorithm 5.1 satisfy the inequality

j—1 2 j—1 2
ZHm/ h”Hl(Q) +TZZH'U£ nll7 +T2ZZ”VW Wl < C. (32)
=0 (=1 i=0 (=1

The constant C > 0 depends only on the problem data and the shape-regularity of the family of meshes.

The discrete energy law of Algorithm 5.1 is an approximation of the one satisfied by weak solutions (see (12)).
The LLG-inherent energy dissipation, modulated by the damping parameters a3 and «s, is enhanced by the
dissipation coming from the second term on the right-hand side, which is due to the implicit treatment of the
homogeneous intralattice exchange contribution. The last two terms on the right-hand side of (31), in general
unsigned, are perturbations arising from the explicit treatment of the interlattice exchange contributions.
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TABLE 6. Experiment of Section 5.2.1: Comparison of Algorithm 4.5 (with mass-lumped L?2-
metric and o = 1) with Algorithm 5.1 (with « =1,1/2,1/4,1/8,1/16).

Algorithm 4.5 Algorithm 5.1
o 1 1 1/2 1/4 1/8 1/16
Energy —111.38 —~112.26 —126.64 —160.60 —214.79 —998.44
Proj. energy err. 9.90 x 10711 1.03x 10710 4.81 x 107 827 x 107 6.13 x 107 3.64 x 10711
Num. iter. 275 310 334 600 2954 46 698
Solve time 0.094 0.093 0.095 0.098 0.097 0.094
eIy 00 0.047 3.932 x 1072 9.497 x 10~2 0.219 0.408 6.705
erry1 9.61 x 107°2  8.019 x 1072 0.199 0.486 0.982 3.995

With the sequence of approximations delivered by Algorithm 5.1, for £ = 1,2, we define the piecewise affine
time reconstruction my p, : [0,00) — S*(73,)? as

t—ti sy tigi—t
my . (t) == . Zmﬁll + %m}’h for all i € Ny and t € [t;, t;41]

(see (13)). In the following theorem, we state the convergence of the finite element approximations toward a
weak solution of (9) in the sense of Definition 2.1.

Theorem 5.4 (Convergence of Algorithm 5.1). Suppose that m(f’h — m{ and mg’h — m§ in H'(Q) as
h — 0. Then, there exist (m1,ma) € L>(0,00; X) and a (nonrelabeled) subsequence of {(m1 pr, Mo pr)} which
converges toward (1, ms) as h,7 — 0. In particular, as h, 7 — 0, for all £ = 1,2 it holds that my - Xmy in
L>®(0,00; HY(Q)). If a12 = 0, the limit (my,my) is a weak solution of (9) in the sense of Definition 2.1.

Like in the stationary case, we need to assume that a;2 = 0 to be able to show that the limit toward which
the finite element approximations are converging satisfies the variational formulation (11) (¢f. Rem. 4.9). Under
this assumption, Theorem 5.4 shows existence of a weak solution to (9) and convergence (without rates) of the
time reconstructions generated using the snapshots computed using Algorithm 5.1 toward it.

5.2. Numerical experiments

In this section, we aim to show the capability of Algorithm 5.1 to simulate dynamic processes involving AFM
materials and how the nature of the coupling of the fields (FM wvs. AFM coupling) affects the dynamics of the
total magnetization.

5.2.1. LLG-based energy minimization

Starting from the observation that the dynamics of my and my governed by the system of LLG equations (9)
is dissipative, with the energy dissipation being modulated by the damping parameters a; and o, we repeat
the experiment of Section 4.3.1, but to compute low-energy stationary points we use Algorithm 5.1 (instead
of the gradient flow-based approaches of Algorithms 4.4 and 4.5). More precisely, we consider the same setup
and the same spatial discretization of Section 4.3.1 and run Algorithm 5.1 with 7, = 1o = 1, different damping
parameters a; = g = o € {1,1/2,1/4,1/8,1/16}, and 7 = 1073, using the constant fields m(l)’h = (1,0,0) and
mg,h = (0,1,0) as initial condition. The iteration is stopped when the a-independent stopping criterion (22)

with ||-[|%, = ||]|? and e = 10~ is satisfied.
We display the results of our computations in Table 6. Noting that Algorithm 5.1 coincides with Algorithm 4.5
with mass-lumped L2-metric if 7y = 72 = a; = as = 1 and the precession term (m;h X v};)h,qb@’h)h is

omitted from (29), in the first column of the table we include the results from Section 4.3.1 of this instance
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FIGURE 5. Experiment of Section 5.2: Evolution of (mi(t) - e;) (red) and (mq(t) - e;)

(blue). (a) Algorithm 4.5 with mass-lumped L2-metric, « = 1, (b) Algorithm 5.1, a = 1,
(c) Algorithm 5.1, a = 1/2, (d) Algorithm 5.1, & = 1/4, (e) Algorithm 5.1, « = 1/8, (f)
Algorithm 5.1, oo = 1/16.

of Algorithm 4.5 for the sake of comparison. We see that as « is lowered, the final energy is further from the
expected value of —100, which is due to the slower dissipation resulting in lengthier dynamics (larger number of
iterations) and more rotations (as the precession term is made stronger in a relative sense) before reaching the
minimizing state, thereby increasing the average length of m, j, and mg j, (as seen in the error rows). Similarly to
Table 1 we see that after applying a nodal projection, the energy is within 10 decimal places of —100, indicating
that a minimizer is still identified. As expected the average solve time is independent of «. For o = 1/16 we see
that the violation of the unit-length constraint and the number of iterations are significantly larger. We suppose
that this is related to a possible instability of Algorithm 5.1, since, as shown Proposition 5.3(ii), stability requires
7 to be sufficiently small, with the threshold for the time-step size being proportional to the damping parameter.
Indeed, for & = 1/16, we observe that it is sufficient to reduce 7 to regain a good performance of the algorithm.

The fact that lowering the value of « results in less dissipation can also be seen in Figure 5, where we display
the evolution of the average first component of both fields, i.e., (m(t)-e1) = |Q] " Jome(t)-ey forall £ =1,2,
for all cases. Interestingly, we see that the gradient flow dynamics and the LLG dynamics for o = 1/8,1/16
return as approximate stationary point an approximation of the minimizer (m;,m5 ) = (—a,a), whereas the
LLG dynamics for o = 1,1/2,1/4 return an approximation of (m;, m3) = (a, —a). This is not surprising, since
different dynamics can result in convergence to different stationary points, even with the same initial condition.
As far as the LLG dynamics is concerned, we see that the oscillations of the average first components increase
as « is lowered, which can be explained by the greater relative weight of the precessional term on the right-hand
side of the LLG equation for smaller values of a.
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Hmax

FIGURE 6. Experiment of Section 5.2.2: (a) Structure of the applied pulse field. (b) Time
evolution of (m(t) - e;) for an AFM material. (c¢) Time evolution of (m(t) - e;) for a FM
material.

5.2.2. Skyrmion dynamics

Inspired the experiment in Section 4.3 from [18], we simulate the dynamics of isolated magnetic skyrmions
in an AFM or FM nanodisk in response to an applied field pulse.

The setup (domain, energy, and material parameters) is the same as in Sections 4.3.2 and 4.3.3, which we
complete with the additional parameters needed for the dynamic case, i.e., the rescaled gyromagnetic ratios
Y1 =72 = ~ 2.21 x 10°m/(A s) and the Gilbert damping parameters a; = ap = 0.01 (see (A.2) below). We
consider both the case of an AFM material (4p = —6.59 pJ/m) and the case of a FM material (4g = 6.59 pJ/m).
Given the same spatial discretization (mesh) as in Sections 4.3.2 and 4.3.3, as initial conditions m? , and mj ,
for Algorithm 5.1, we consider the nodal projections of the Néel-type skyrmions shown in Figﬁre 4. More
precisely, we start from the skyrmions in Figures 4a and 4b for the AFM dynamics (4 < 0) and from those in
Figures 4e and 4f for the FM dynamics (Ag > 0). Moreover, for the time discretization, we use of a constant
time-step size of 1fs.

Starting from these configurations, we perturb the system from its equilibrium by applying an in-plane pulse
field of the form H e (t) = (H(t),0,0) of maximum intensity poHmax = 50 mT for 150 ps; see Figure 6a. Then,
we turn off the applied external field, i.e., Hox(t) = (0,0,0), and let the system relax. The overall simulation
time is 0.5 ns.

In Figures 6b and 6¢, we show the time evolution of the average first component of the total magnetization
m = my + mg. For the AFM material (A9 < 0), we see a perfect match between the applied pulse field
and the total magnetization. When the field is turned off, the state immediately comes back to the initial
configuration, which confirms its stability. For the FM material (Ag > 0), the total magnetization still roughly
follows the applied field, but the response pulse is around 2 orders of magnitude larger than for the AFM
material. Additionally, the FM system receives more energy from the Zeeman field (as the total magnetization
is around magnitude 2, compared to almost 0 for the case of the AFM material), resulting in a large visible
precession (manifesting itself as oscillations in the plot of the average magnetization). In particular, the return
of the total magnetization to the initial stable state is slower.

This experiment provides a demonstration, for a simple setup, of the weaker response of AFM materials
(compared to FM materials) to external magnetic fields. This enhanced robustness against external perturba-
tions is one of the properties which makes this class of materials outstanding candidates for the next generation
of spintronic devices [8].
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6. PROOFS
In this section, we collect the proof of all results presented in the paper.
6.1. Static problem

We start with showing the weak sequential lower semicontinuity of the energy functional.

Proposition 6.1. The energy functional (1) is weakly sequentially lower semicontinuous in H*(Q) x H*(Q),
i.e., if {(my g, mag)teen € HY(Q) x H'(Q) and (my,my) € H'(Q) x H'(Q) are such that (my 1, may) —
(my,my) in H*(Q) x H*(Q) as k — oo, then £[my, ma] < liminfy,_ . E[my g, ma ).

The result is a special case of the following lemma.

Lemma 6.2. Let V and H two Hilbert spaces such that V C H with compact inclusion. Let a: V x V — R be
a continuous bilinear form satisfying a so-called Garding inequality, i.e., there exists C1 > 0 and Cy € R such
that

a(v,v) > C|jv]|3 — Cyljv||3 forall v € V. (33)

Then, the quadratic functional J : V. — R defined by J[v] := a(v,v) for all v € V is weakly sequentially
lower semicontinuous in V, i.e., if {vgptgen C V and v € V are such that vy — v in V as k — oo, then
J] <liminfg_ oo J[vk]-

Proof. Let {vg}reny CV and v € V be such that vy — v in V as k — oo. From the compact inclusion V' C H,
it follows that vy, — v in H. Using (33), we see that

Cillv = vplly = Callv — vl < alv —vg,v — ) = a(v,v) = alvg,v) — a(v,vx) + a(vy, vg).
We now take the liminf as k — oo of this inequality. For the left-hand side we have that
likrn inf (Cy[lv — vg||3 — Collv — vk||§{) > 0.
—00
For the right-hand side, noting that vy — v in V implies that a(vg,v) — a(v,v) as k — oo, we have that

likminf[a(v,v) — a(vg,v) — a(v,v) + a(vg, vk)] = —a(v,v) + likminf a(vg, vg)

T[] + likm inf J[vg].
This shows that J[v] < liminfy_, J[vk] and thus concludes the proof. O

We now prove Theorem 4.1 establishing the I'-convergence of our finite element discretization.

Proof of Theorem 4.1. Part (i) of the theorem immediately follows from the weak sequential lower semiconti-
nuity of the energy functional established in Proposition 6.1. To show part (ii), let II;, : H'(Q) — SY(75,)?
be the quasi-interpolation operator from [31] (applied componentwise). It is well known that I is a linear
and continuous operator, which is H!-convergent and satisfies a first-order L?-convergence property [31]. In
particular, given an arbitrary (mq, ms) € X, for all £ = 1,2 it holds that

Ihmell ) < Cllmel ), lim [me = amel o) = 0, [me — Hymel| < Ch|[Vimy||,
where C' > 0 depends only on the shape-regularity of the mesh. From the triangle inequality, it follows that

| Zn [T |*] = Ul ) < IZallTnmel’] — [Tame | 12 ) + | TTameel® — 121 q).-
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For the first term on the right-hand side, the argument used in the proof of Lemma 7.2 from [9], combined with
the continuity of IIj, yields that

|Zn [T *] = a1 ) < CB2 [ VImy||* < CR2|lmy|3: q)-
For the second term, using the continuity of II;, and its L?-approximation property, we have that

| m|* — Ui = | me|” — |me\2||L1(Q) <l + Tmyg[[[my — ||

< (lme]| + [Tame ) [me — Wyme|| < Chllm| -
Altogether, we thus obtain that

IZw[[Thmel*) = 1| sy < C(B? + b)[mel3 g (34)

For all § > 0, we define my 5, 5 = Il [m,] for all £ = 1,2, where h > 0 is chosen in such a way that I Zn [[TLme|?] —
1z < 0 (which is possible thanks to (34)). Then, (m s, M2 ps) belongs to Xj 5. We thus obtain a
sequence { (1M .5, Maps)} C Xp s satisfying the desired convergence properties (1mq 5, M2 n,6) — (M1, M2)
in Hl(Q) X Hl(Q) and & s[mi ps, Mo ns] — My, ms] as h,d — 0 (with the second convergence being a
consequence of the first one). This concludes the proof. O

In view of the analysis of the discrete gradient flows presented in Section 4, we now introduce the following
algorithm.

Algorithm 6.3 (General discrete gradient flow). Discretization parameters: Mesh size h > 0, time-step
size 7 > 0, tolerance € > 0, parameters 0 < 61,605,603 < 1.

Input: Initial guess (m?)h,mgyh) € SY(73)? x S1(73)? such that, for all £ = 1,2, |m27h(z)| =1forall z € Nj,.
Loop: For all i € Ny, iterate (i) and (ii) until the stopping criterion (stop) is met:

(i) Given (m} ;,mb ;) € S (Tn)* x S'(T1)%, compute (v, v ,,) € KCplmi ] x ICu[m ;] such that, for all
(14> P21) € Kn[mi ;)] x ICh[m ;] and £ = 1,2, it holds that

<U2h, bon)H + a44917'<VU2h» V) + a12927<vv?’)7€7h’ Vi — a0937'<'0§715,h7 Do)

= —W€<sz,ha V¢e,h> - a12<Vm§747h7 V¢é,h> + ao <m§37€,ha ¢e,h>- (35)
(ii) Define . _ _
myhli=mj, +7vy, forall £=1,2. (36)

(stop) Stop iterating (i) and (i) if (v} ,,v% ;) € KCulm] ] x IKCp[m ] satisfies

2
D (lvinllt + 7IVviLl7) < 219, (37)
=1

Output: If i* € Ny denotes the smallest integer satisfying the stopping criterion (37), define the approximate
stationary point (mq p, may,) 1= (m‘lh,m’;h)

The parameters 0 < 61,605,035 < 1 modulates the “degree of implicitness” in the treatment of the three
contributions of the energy. It is easy to see that Algorithms 4.4 and 4.5 are special instances of Algorithm 6.3,
where 6; = 1 (backward Euler) and 6, = 63 = 1/2 (Crank—Nicolson) in Algorithm 4.4, whereas 6; = 1 (backward
Euler) and 05 = 03 = 0 (forward Euler) in Algorithm 4.5.

For ease of presentation, in Section 4, we have decided not to present Algorithm 6.3 in its full generality, but
we have restricted ourselves to two of its instances. This has been motivated by the following two reasons: First,
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we believe that the two proposed cases are the most relevant in practical computations. Second, the properties
and the analysis of the algorithm for general 6,605,035 resemble the ones of the two presented prototypical
cases (excluding the combinations involving values 61,6, < 1/2, which require severe restrictions of the form
7 = O(h?) for stability and therefore have been ignored).

In the following proposition, we show well-posedness of each iteration of Algorithm 6.3.

Proposition 6.4. Suppose that 01, 05, 03, and 7 satisfy the following conditions:
01 >0, ap1a20] > ai,03, and 3 laglfsT < 1, (38)

where a1, ass, a2, and ag are the coefficients in (1), whereas ¢y is the constant in (17). Then, for all i € N,
(35) admits a unique solution (vf ;,v5 ;) € Kp[mi ] X IKCp[myg 1 ].

Proof. Let i € Ng. The sum of the left-hand sides of (35) for ¢ = 1,2 yields a bilinear form b; : (Kh[mzi,h] X
ICh[ms ;1) x (KCn[m ] x ICh[ml 1,]) — R, which is defined by

bi((V1. 1, Vo) (D14 Pan)) = (V14 Prp)rH + (Yo ps Do p)H
+a11017(Vpy 1, V) + abh 7(Vipy ;,, Vi, 1)
+ a12027(Vpy 1, Vi 1) + a12027(VYy 5, Vs )
- 00937<’P2,ha ¢1,h> - a0037—<¢1,h7 ¢2,h>

for all (v 5, Y2 1)s (P11, Do) € Kn[m] ;] xICh[m 1] Owing to the second inequality in (17), the bilinear form
is bounded with respect to the H'-norm. To show coercivity, for an arbitrary (¢ 5, o ;) € Kn[m] ;] xICplm} ],
we first compute

bi((D1 1> Do) (D1 1y D2 p)) = H¢1,h||3—¢ + ||¢2,h||f2u — 240037 (D3 4, D1 1)
+an017[V oy 1|12 + axbi7(| Ve, |12
+2a120o7(V g ,, Vi 1)
The terms involving the gradients of (¢ j, ¢, ;) make up a quadratic form, which is positive definite if and
only if the underlying 2-by-2 matrix is positive definite, which is true if and only if the first two inequalities

n (38) hold.
Thanks to (17), it holds that

H¢1,h||‘%—£ + ||¢2,h||%—t — 200037 (Pg 1y, D1 1) > (¢ — laol0s7) (||, nll? + [l 2 1l %).

This shows that the L2-part of the bilinear form is coercive if the third inequality in (38) holds.

Hence, we conclude that the bilinear form b;(-,-) is coercive with respect to the H'-norm if (38) is satisfied.
Observing that the sum over £ = 1, 2 of the right-hand sides of (35) defines a bounded linear form, well-posedness
of (35) then follows from the Lax—Milgram theorem. O

In the following proposition, we establish the discrete energy law satisfied by the approximations generated
by Algorithm 6.3.

Proposition 6.5. Let 61, 02, 03, and T satisfy the assumptions of Proposition 6.4. For all i € Ny, the iterates
of Algorithm 6.3 satisfy

. 291
6[m11+h17m1+h1] €[m1 h7m2h __TZHWhHH QZCWHVUMH

— a12(262 - 1)T2<V'Uli’h, V'U27h> + a0(293 - ].)T <’U1’h,'v2’h>. (39)
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Suppose that 01, 02, O3, and T satisfy also the following conditions:
91 > 1/2, a11a22(291 — 1)2 > a§2(292 — 1)2, and c%.‘\a0||293 — 1|7’ < 2. (40)

Then, the sequence of energies generated by Algorithm 6.5 is monotonically decreasing, i.e., it holds that
E[mzlfhl,m;rhl] < 5[mi7h,m§7h] for all i € Ny.

Proof. Let i € No. Testing (35) with ¢, ), = v}, € Kp[mj ] for £ = 1,2 and summing the resulting equations,
we obtain that

2
Z(IlvthI?H + af@elT”V"z,h”Q) + 2a1292T<V”§,h7 VUé,h> - 2a0937—<v§,h7 ”§,h>
=1
2 (41)
= > (—au(Vmiy, Voi,) — an(Vmb_y . Vi) +ao(mb_g,vi ).
=1
It follows that

& [mlf,rhl ) m;rhl]

2
(36) i i 1 i i i
=" &[mi ,,my ]+ §TZGZZ(2<Vme,hvVW,h> +T||sz,h||2)
=1

+aror ((Vmd Vo) + (Fml Vol ) + (Vi Vo))

- a07(<m§,h7 vé,h> + <mg,ha vzi,h> + T<v§,h7’ué,h>)
2

2
(41) i i i (20: — 1) i
= E[mi,,my,] — TZHW,}«LH?H - sz ZGMHV”e,th
=1 =1

—a12(202 — 1)7’2<V'l)’i7h, V'v;h) + ap(203 — 1)72<v§7h,v§7h>,

which is (39). Arguing as in the proof of Proposition 6.4, it is easy to see the right-hand side of (39) is nonpositive
if the inequalities in (40) are satisfied. This shows that the sequence of energies generated by the algorithm is
monotonically decreasing and concludes the proof. O

In the following lemma, we prove two auxiliary estimates, which will be useful in the proof of convergence of
Algorithm 6.3.

Lemma 6.6. For all { = 1,2, for all j € N, the iterates of Algorithm 6.3 satisfy

.2 -t
I [ = tasiay < 72 T lotal? 42)
=0
-1
ol 2 < 190+ 72 o 2 (43)
=0

where ¢ > 0 depends only on the shape-reqularity of the family of meshes.

Proof. We follow [10]. Let £ = 1,2 and j € N. For all i = 0,...,j — 1, from (36), since "’Zh € ICh[mZh], we
z)‘ =1

2 ‘ 2 ‘ 2
deduce that [m}h! (z)’ = ’m;vh(z)‘ + 72”0;,h(2)‘ for all z € NV},. Iterating in ¢ and using that ’mgh(
for all z € NV}, we obtain that

, 2 -1
’mih(z)‘ = 1+722|v@7h(z)|2.
i=0
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Then, both (42) and (43) follow from the equivalence of the LP-norm of discrete functions with the weighted
¢P-norm of the vector collecting their nodal values (with equivalence constants depending only on the shape-
regularity of the family of meshes); see, e.g., Lemma 3.4 from [9]. O

In the following lemma, we prove stability of Algorithm 6.3.
Lemma 6.7. Let 01, 05, 03, and 7 satisfy the assumptions of Proposition 6.4 as well as the inequalities
01 >1/2, aja2(20; —1)% > a?,(202 — 1)?, and cZlag||203 — 1|7 < 2. (44)

Then, there exists a threshold 19 > 0 such that, if T < 79, the iterates of Algorithm 6.3 satisfy, for all j € N,
the stability estimate

j—1 2 j—1 2
Z”me wllzne) 73D Ioialz+ 72 )Y IVep,l* < C (1 +Z||mz nllz Q)> (45)
1=0 =1 =0 =1

The threshold Ty depends on ag, 03, ci, and the shape-regularity of the family of meshes, whereas the constant
C > 0 depends only on ||, a11, a12, ase, ag, 61, b2, s, ca¢, and the shape-regularity of the family of meshes.

Proof. Let j € N. For all i = 0,...,5 — 1, we apply Proposition 6.5, which yields (39). Summing (39) over
i =0,...,7 — 1, we obtain that

j—1 2 j—1 2
: » 4 291 ,
Elm y,md )] +7Y > llvgalla + @6 =) 2 > ag|| VoI
i=0 ¢

1 =0 (=1
j—1 Jj—1
+ a12(292 - 1)7—2 <V'U1 hs VU2 h> - aO 293 -1 T2 Z ’01 h7U2 h = 5[m(1)’h7m(2)’h].
=0 =0

Using (44) and arguing as in the proof of Proposition 6.4, one can show that

j—1 2 j—1 2
Emd o+ M 0> il + 222D N V)2 < ElmS, mS )
1=0 /=1 =0 /=1

for some positive values A\; = A\1(ag,03) and Ao = Ay(a11, 12, asz,01,602). From (2) and Young’s inequality, it

follows that )

2
. , . || ,
Elmd i) = s DIV [~ S
=1 =1

for some A3 = Asz(ai1, @12, az) > 0. Moreover, it holds that

2

g[m(l),hv mg,h} <A\ (Q)

=1

for some Ay = As(ai1,a12, azs,ap) > 0. Altogether, we thus obtain that

2 2 j-1 2 j—1 2
1 |a0| ; . .
A3 vam%hHQ 5 lem%hllz + AlTZZH'U%,hH?H + Aot ZZ”V”%MF
=1 =1 i=0 (=1 i=0 (=1
2
<A ZnghHi{l(Qy (46)

(=1
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From Lemma 6.6 and (17), we deduce that

2 j—1 2
lao| Y _llmd |17 < 2c7laol| + exlaolerm > > llvh 4ll3 (47)
=1 1=0 ¢=1

where ¢ > 0 is the constant appearing in (43) (which depends only on the shape-regularity of the family of
meshes). Combining (46) and (47), we thus obtain that

J

—

2 2 — 2
: |ao| j ;
As Y [[Vmg | + - D llmg 1P + (M = exlaolert)T > D llvi i
—1 =1 i=0 (=1
i1 2 2
+ 207 N Vo7 < 2e7ao]|Qf + A Ym0 -
=0 (=1 (=1

Hence, if 7 < 79 := A1/(cr|ap|en), all terms on the left-hand side are nonnegative and we obtain (45), where
the (explicitly computable) constant C' > 0 depends only on ||, ai1, a12, asa, ag, 01, 02, 03, ¢3¢, and ¢r. O

In the following proposition, combining the results we have proved so far, we establish the main properties
of Algorithm 6.3.

Proposition 6.8. Let 01, 02, 05, and T satisfy the assumptions of Lemma 6.7. If the time-step size T is suffi-
ciently small, then Algorithm 6.3 is well defined: Each iteration is well defined and the stopping criterion (37) is
met in a finite number of iterations. In particular, the approzimate stationary point (1mq p, Mo p) is well defined.
Moreover, for all £ = 1,2, it holds that

2

2

[ Zn[lmenl™] — lpio) < CT <1 + ng,h|§—11(9)>v (48)
=1

where the constant C' > 0 depends only on ||, a11, a12, aze, ag, 01, 02, 05, ¢3¢, and the shape-regularity of the
family of meshes.

Proof. The well-posedness of each iteration of the algorithm is a consequence of Proposition 6.4. Now, let
7o > 0 be the threshold guaranteed by Lemma 6.7. If 7 < 7, then (45) holds. Since the left-hand side of (45)
is nonnegative and the right-hand side is independent of j, we deduce that the series

co 2
DD (Ivenllae + 7lIVvE %)
i=0 ¢=1

is convergent. It follows that Y-, (v |13 + 7| V@i ,[I* — 0 as i — oo, which guarantees that the stopping
criterion (37) is satisfied if ¢ is sufficiently large. Estimate (48) is a consequence of (45) and (42) from Lemma 6.6.
This concludes the proof. (I

In the following theorem, we show the convergence of the sequence generated by Algorithm 6.3.
Theorem 6.9. Let 61 and 05 satisfy the inequalities
0, > 1/2, a1a2003 > a250%, and  aj1a92(201 —1)% > a3, (20, — 1),
Suppose that there exists cg > 0, independent of the discretization parameters h, T, and ¢, such that

2
Zlilg (ang,h”fql(g)) < <o (49)

(=1
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Suppose that 7 — 0 and € — 0 as h — 0. Then, as h — 0, the sequence of approximate stationary points
{(my n,map)}ns0 generated by Algorithm 6.3, upon extraction of a subsequence, converges weakly in H'(§2) x
H'(Q) toward a point (my,ms) € X. If ajo = 0, the limit (my,my) is a stationary point of the energy
functional (1).

Proof. Since 7 — 0, we can assume that it is sufficiently small such that the algorithm is well defined (cf.
Prop. 6.8) and that the stability estimate (45) holds (¢f. Lem. 6.7). Together with (49), it thus follows that the
sequence {(my ,, M2 ) Yaso is uniformly bounded in H'(2) x H'(£2). Hence, there exists (m;, ma) € H'(Q) x
H'(Q) and a (nonrelabeled) weakly convergent subsequence of {(mq p,m2 1) }r>0 such that (mq p, mey) —
(my,my) in H'(Q) x H'(Q) and (my ,ma4) — (my, my) in L*(Q) x L*(Q). Combining (49) with (48), we
see that, for all £ = 1,2, | Zs[lme.n|’] — 1|1 — 0 as h — 0. Hence, applying Lemma 7.2 from [9], we obtain
that (mq,ms) € X.

To conclude the proof, it remains to show that, if a1o = 0, (M1, ms) € X satisfies (4). We start with observ-
ing that each approximate stationary point (my p,mo ) generated by Algorithm 6.3 satisfies the variational
formulation

= (Vi p, Ve ) + ao(ma—on, ¢pp) = Ren(den)

for all ¢, ), € IC,,[my ] and £ = 1,2, where the remainder terms on the right-hand side are given by

Ré,h(@,h) = <’UZh’ ¢e,h>7-t + CLM917'<V’UZha V¢é,h> - a0937<”§*—é,h7 ¢z,h>

and satisfy |R[7h(¢é7h)} < Celldy il (o) for all ¢, € H'(Q); see (35) and (37). Here, C' > 0 depends only
on aii, as, ag, and |©2]. Note that, since ¢ — 0 as h — 0, we have that Ry, — 0 in H'(Q)* as h — 0. Let

€ C*(Q). Choosing the test function ¢, ;, = Zp[myn x P] € KCp[my ] in (35) and passing to the limit as
h — 0 (using the available convergence results as in the proof of Theorem 7.6 from [9]), we obtain that

—ap(Vmg,my x V) +ag(ms_g,my x p) =0 (50)

for all £ = 1, 2. Since v was arbitrary, by density we have that this identity holds for all ¢ € H 1(Q) Finally, let
p € H'(Q)NL>®(Q) be arbitrary. Choosing 1 = my x ¢ in (50) and performing simple algebraic manipulations
based on the identities a x (b x ¢) = (a-¢)b— (a-b)c (for all a,b,c € R3), |my| =1 (a.e. in , for all £ = 1,2)
and 9;my - my = 0 (a.e. in , for all ¢ = 1,2,3 and ¢ = 1,2), we obtain that (mj, mg) € X solves (4) for the
case a2 = 0. This shows that (m, ms) is a stationary point of the energy and concludes the proof. O

6.2. Dynamic problem

In this section, we aim to present the proofs of the results concerning Algorithm 5.1 discussed in Section 5.
However, for the sake of brevity, we omit those of Propositions 5.2 and 5.3, because they can be obtained following
line by line those of Propositions 6.4, 6.5, and Lemma 6.7. We focus on the proof of the main convergence result.

Proof of Theorem 5.4. We follow the argument of the seminal paper on the tangent plane scheme [3], which we
adapt in order to take the projection-free update (30) (see also [1,18]) and the different expression of the energy
into account. For the sake of clarity, we split the proof into three steps:

Step 1. Existence of the limit (mq,msy) € L>(0, c0; X).

Let T > 0 be arbitrary. From the stability estimate (32) (¢f. Prop. 5.3), which holds uniformly in h
and 7 (if 7 is sufficiently small), it follows that, for all £ = 1,2, the piecewise affine time reconstruction
my pr and the piecewise constant time reconstructions mihT (defined according to (13)) are both uniformly
bounded in L>(0, 00; H'(£2)). Moreover, my .|, is uniformly bounded in H'(Q7). By compactness, suc-
cessive extractions of (nonrelabeled) subsequences and standard Sobolev embeddings yield the existence of
my,my € L“(O,oo;Hl(Q)) N Hl(QT) such that, for all £ = 1,2, as h,7 — 0 we have the convergences
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My prlar — Mylo, in HI(QT), My nrlo, — Mylo, in H?(Qp) for all s € (0,1), mz’hr,mZhT = my in
L>(0,00; H' (Q)), me,hT,mth — my in L2(0,00; H(Q)), m[7hT|QT,m:hT‘QT — my in L%(0,T; H*(Q)) for
all s € (0,1), mg prlag, mZhT|QT — my in L*(Qr) and pointwise almost everywhere in Q7. From the projection-
free updates (30), arguing as in the proof of Lemma 6.6, we obtain that (42) holds for all £ = 1,2 and for all
j € N, from which it follows (see Step 3 of the proof of Proposition 6 from [18]) that |m4| = |msg| =1 a.e. in
Q x (0, 00). This shows that (m, ms) € L>=(0, 00; X). Finally, from the stability estimate, it also follows that,
for all £ = 1,2, 7V 0y 17 )|a, — 0 in L*(Q7) as h, 7 — 0.

Step 2. If a15 = 0, (mq, my) satisfies the variational formulation (11).

Let ¢ € C*™(Qr) be an arbitrary smooth test function. We consider the smallest integer j € N satisfying
T < j7 and extend ¢ by zero in (T',t;). Let £ = 1,2. For alli =0, ..., j—1, we choose ¢, ), = Ih[méyh x @(t;)] €
ICh[mi] in (29), we obtain

W@@,hazh[mé,h x p(ti))n + <m2h X 'UZhth [mé,h x p(ti)])n
+ MeaeeT(Vp , VIk[my , X o(t)])
= —mag(Vmy,, VIu[my,, x o(t:)]) + neao(mi_g p,, Tn[my j, x o(t:)]),

Due to the properties of the mass-lumped scalar product, we can remove the nodal interpolant from the first
two terms on the left-hand side without altering the value of the integrals. Multiplication by 7 and summation
over i =0,...,7 — 1 then yield

Ozg/o j<atmg7h7—(t),mzh_r(t) X Lp;(t»hdt
[ m 0 % e (0, m (0 % o7 (O]
0
+ ngaggT/O ' <V(3'tmg,h7-(t), VIh[mZ_,hT(t) X Q. (t)]>dt
= = [ (Vo7 (0, VT () x 07 (O]t

+ meay / (M3 e (0, Tl (1) x o ()])dt,

where we note that we have rewritten the equation in terms of the time reconstructions (13). Using (16) and the
approximation properties of the nodal interpolant, in all integrals we substitute the mass-lumped inner products
by L2-products and remove the nodal interpolant (see [3]). Moreover, exploiting the fact that the integrands
are all uniformly bounded, we modify the domain in integration in time from (0,¢;) to (0,7). All these actions
generate an error which goes to zero in the limit as h,7 — 0. In particular, we obtain

T
ar [ {0man ()., (0 7 (1)
0
T
b i (00 % O (0. () x 7 (0]
0
T
et [ (F0ma (). Vm (0) x 07 (O]
T
== | (V7 (0. Vimi (1) x o7 (D)t

T
g [ m3 e (0m(0) @7 (0} + o(0).
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Using the convergence results available from Step 1, we can pass this formulation to the limit as h,7 — 0
and obtain that the last term on the left-hand side goes to zero, whereas all other terms converge toward the
corresponding ones in (11). For the details of the argument, we refer to [3] for all terms but the second one
on the left-hand side, which, due to the omission of the nodal projection from (30), requires a more careful
treatment (see Step 2 of the proof of Theorem 1 from [18]). This shows that, for all £ = 1,2, my satisfies (11)
for all ¢ € C™(Qr). By density, the result then holds for all ¢ € H'(Qr).

Step 3. (mq,my) satisfies the energy inequality (12).

We start from the discrete energy law (31) established in Proposition 5.3. Using (2) and a combination of
Cauchy—Schwarz’ an Young’s inequalities, we obtain that

Jj—1 2 j—1 2
; - ap  aglT < .
el o 4730 3 (2 Y ol a7 X SVl < €l md )
im0 =1\t i=0 (=1

where A > 0 is the minimum eigenvalue of the 2-by-2 matrix <Zn 212) The last term on the left-hand side
12 22

is nonnegative and can be omitted. Rewriting the inequality in terms of the time reconstructions (13), we get

lao|T

2 T
o _ _
E[mth(T), m;hT(T)] + g <le - ) /0 0smmee - (8)||7 dt < S[ml)hT(O),mZhT(O)].
=1

Passing to the limit as h,7 — 0, using the convergence results available from Step 1, standard lower semiconti-
nuity arguments yield (12). This concludes the proof. O
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APPENDIX A. THE EQUATIONS IN PHYSICAL UNITS

In this appendix, for the convenience of all interdisciplinary readers, we present the model in physical units (used for
physical investigations, e.g., in [14,23-26,28,29,33]) and show how to obtain from it the dimensionless setting described
in Section 2 and analyzed in the paper. By doing this, we also justify the setup and the choice of the material parameters
in the numerical experiments presented in the work.

A.1. Nondimensionalization

Let Q C R? be the volume occupied by an AFM or FiM material. Let the vector field M : Q — R® denote the
total magnetization of the sample (in A/m). The total magnetization can be decomposed as M = M + M, where
M, M5 : Q — R3, the magnetization vectors of two sublattices (in A/m), satisfy the constraints |[M:| = Ms; and
|M 2| = Ms 2. The constants Ms 1, Ms,2 > 0 are the sublattice saturation magnetizations (in A/m). Let mq, ms : Q — S?
be the dimensionless unit-length vector fields m, = M1 /M1 and my = My /Ms . The total Gibbs free energy (in J)
of the system (assumed, for simplicity, to include only exchange contributions in this section) reads as

E[mi, ma] = Eex[my, my)

2
= ZAM |Vme|® + A12/ Vmy: Vmgy — @ mi - ma, (A1)

= Q Q a” Ja
where the exchange constants Ai1, A22 > 0 and Ai2,4p € R are in J/m, whereas a > 0 is the lattice constant (in
m). The first contribution in (A.1) is called inhomogeneous intralattice exchange and models the classical ferromagnetic
exchange for my and my. The second term is called inhomogeneous interlattice exchange, which arises from a nearest-
neighbor approximation of the exchange interaction between spins. The last contribution is called homogeneous interlattice

exchange and takes the local interaction between m; and ms into account.
The dynamics of i and me is governed by a coupled system of two LLG equations

Ormy = —yemy X Heg o[ma, ma] + agmye X Oymy  for £ =1,2, (A.2)

where v, > 0 (in m/(A s)) and ay > 0 (dimensionless) are the sublattice rescaled gyromagnetic ratios and Gilbert
damping parameters, respectively. In (A.2), the effective fields Heg ¢[m1, m2] (in A/m) are equal, up to a negative
multiplicative constant, to the functional derivatives of the total energy with respect to my, i.e.,

1 (55 [m1, mg]

Hg o mi,ma] = — ,
| } poMse — dmy

where po is the vacuum permeability (in N/ Az). Assuming no flux boundary conditions, the strong form of the resulting
effective fields reads as

2A A 4A
L Amg+ 2 Ams  +——2  ms .

Hegmi,mao] =
[rma, ma] toMs.e 1oMs.e toMs.e a?
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We now start the nondimensionalization. Let Ms > 0 and o > 0 be some reference saturation magnetization (in A/m)
and rescaled gyromagnetic ratio (in m/(A s)), respectively. For all £ = 1,2, define the positive dimensionless parameters
Ns,¢ := Ms,¢/Ms and 1y ,¢ := v¢/v0. The dimensionless total magnetization is given by m = M /Ms = ns1m1 + ns 2ma.
Let L > 0 is some intrinsic length of the problem. We rescale the space and time variables to obtain the dimensionless
variables ' = x/L and t = yoMt. Accordingly, we rescale also the domain Q' = Q/L. We consider the rescaled
unit-length vector fields my(z’,t") = me(La',t'/(voMs)) (¢ = 1,2) and the rescaled total magnetization m/(z',t") =
m(La',t'/(voMs)). Moreover, we rescale the energy as £'[mf, mb] = E[m1, m2]/ (o M2 L?), which yields the expression

&'lmi, my] = E6[mi, mo]

2
o 1 2A€Z 112 A12 / o1 /N 4A0 / ’
_2;;¢0M§L2 /Q/‘V my| +qus2L2 Q/le.Vnwg SYELE Q/ml mh.

Defining the dimensionless coefficients age = 2A¢/(uoMZL?) > 0 (£ = 1,2), a12 = A12/(uoMZL?) € R, and ag =
440/ (oMZ2a?®) € R, and omitting all “primes” for simplicity, we obtain the dimensionless energy functional (1) of
Section 2. By construction, the dimensionless rescaled effective fields defined in (5) are related to the ones in physical
units according to the relation

5)  0&'[mh, m) 2
Reg,o[my, ms) ©_ [5"1"2 2] = ]\ZZZ@ Hg [mi,mo] forall £=1,2.

Rescaling the LLG equations in (A.2) according to the above change of variables and introducing all dimensionless
quantities, we obtain

_ e

my X heg o[mi, mb] + aemy x Oym) for all £=1,2.
Ns,e

/
Opmy =

Defining the dimensionless parameter 7, := 7,0/7s,¢ > 0 and omitting all “primes”, we obtain the dimensionless sys-
tem (9) of LLG equations of Section 2.

A.2. Lower-order energy contributions

In practically relevant simulations, to be able to describe complex physical processes involving AFM and FiM materials,
more energy contributions (in addition to the exchange ones) need to be taken into account in (A.1):

— The magnetocrystalline anisotropy energy incorporates the existence of preferred directions of alignment for the fields.
In the uniaxial case, it reads as

5ani[m1,m2] = Kl/

11— (@ ma)) 4 Ko [ 1 (@0 ma?)

Q

where K1, K2 > 0 are physical constants (in J/m3), whereas a1,as € S? are the so-called easy axes of the material
(usually it holds that K; = K> and a1 = a2).

— The Dzyaloshinskii—Moriya interaction is used to incorporate chiral effects into the model. Its general expression for
AFM and FiM materials is given by

SDMI[ml,mz] = D, : (Vm1 X m1) + D- : (sz X mQ),
Q Q

where D1, D> € R¥*3 are the so-called spiralization tensors (with coefficients in J/m2), whereas, for £ = 1,2,
Vmy; X m, denotes the matrix with columns d;m, x m, for j = 1,2, 3 (again, usually it holds that D, = D).

— The Zeeman energy models the interaction of the total magnetization with an applied external field (assumed to be
magnetization-independent) and reads as

Eext[my, m2] = *Mo/ H eyt - (Msimi + Msams),
Q

where H oy, € R® denotes an applied external field (in A/m).
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— The magnetostatic energy can be understood as the energy associated with the interaction of the total magnetization
with the stray field H, € R®, which solves the magnetostatic Maxwell equations

V-H.=-V-[xa(Msimi + My 2mz)] and V x H;=0 inR>

The energy contribution is given by
Eoxt [m1,m2] = —%/ H.y - (Ms1mq + Msams),
Q

where xq : R?* — {0, 1} denotes the indicator function of the domain .

Note that in all the above energy contributions the two fields are decoupled (for the magnetostatic energy, this is a
consequence of the fact that the operator mapping the total magnetization to the solution of the magnetostatic Maxwell
equations is linear). Hence, even in the presence of the above contributions, the system of Euler-Lagrange equations
associated with the minimization problem and the system of LLG equations are only exchange-coupled.

In the numerical experiments of the work (see Sects. 4.3 and 5.2), we considered dimensionless forms of magnetocrys-
talline anisotropy energy, Dzyaloshinskii-Moriya interaction and Zeeman energy, namely

a @
Eani[mi, ma] = 51 / [1— (a1 -m1)’] + 52 / [1— (a2 m2)?,
Q Q
Epmi[ma, mea] = / ﬁl 1 (Vmi X my) -‘r/ ﬁg : (Vma X ma),
Q Q

hcxt . (ns,lml + 775,2m2) - 7/ hcxt cm.
Q

gCXt[m:l’mQ} - 7/

Q

In these expressions, which can be obtained rescaling the energy contributions as described in the previous section, the
dimensionless parameters are related to the physical ones via the relationships g¢ = /2K, /(poM2), D, = Dy/(uoMZL)
(£ =1,2), and hext = Hext/Ms.

To conclude, we note that for AFM and FiM materials, differently from what happens for FM materials, the Zeeman
and the magnetostatic energies are usually of limited physical importance, because they depend on the total magnetization
of the sample, which is in general very small.
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