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Abstract

The Landau-Lifshitz—Gilbert (LLG) equation is widely used to model the fast magnetiza-
tion dynamics of ferromagnets. Recent experimental observations have revealed ultra-fast
dynamics at the sub-picosecond timescale, and the inertial LLG equation is proposed to
capture the ultra-fast behaviour of magnetization, in which a second temporal derivative of
magnetization (inertial term) is introduced. The inertial LLG equation is therefore a mixed
hyperbolic-parabolic type equation with degeneracy, which produces extra difficulties in
numerical analysis. In this paper, we propose an implicit finite difference scheme based on
the central difference in both time and space, and a fixed point iteration method to solve
the nonlinear system. By a constructed solution with second order accuracy, we get a lin-
ear system and provide an unconditional convergence analysis in £°°([0, T']; H, }: (£2)).. We
demonstrate that the proposed method is second order accurate in both time and space, a
natural preservation of the magnetization length and the energy decaying. In the hyperbolic
regime, significant nutation of magnetization at a shorter timescale are simulated by numer-
ical simulations.
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1 Introduction

The Landau-Lifshitz—Gilbert (LLG) equation [17, 22] describes the dissipative magnetiza-
tion dynamics in ferromagnetic materials. It is widely used to interpret the experimental
observations and study the magnetization dynamics. However, recent experiments [6, 18,
19] confirm that its validity is limited to timescales from picosecond to larger timescales for
which the angular momentum reaches equilibrium in a force field. At shorter timescales, e.g.
~ 100 fs, the ultra-fast magnetization dynamics would exhibit [ 19], which can be modeled by
the inertial Landau-Lifshitz—Gilbert (iLLG) equation [7, 13, 15]. When the inertial effect is
activated by a non-equilibrium initialization or an external magnetic field, the magnetization
converges to its equilibrium along a locus with a damping nutation [24].

For a ferromagnet over 2 C R4, d = 1,2, 3, the observable states are depicted by the
distribution of the magnetization in §2, in which the magnetization denoted by m(x, t) is a
vector field taking values on the unit sphere $2. From a given initialization of magnetization
configuration, the system reaches one of local minimal of the corresponding magnetic free
energy functional under the guidance of the LLG equation with an effective field. The dynamic
evolution of the system, also referred as the stabilization and transition of these magnetic
states, is crucial to the applications of ferromagnetic materials. To understand and exploit the
complex mechanism, micromagnetics simulations have become increasingly important over
the past several decades, in addition to experiment observations and theoretical predications.

One of the core problems in micromagnetics simulations is to find the numerical solution
of the LL.G equation. In the past decades, various numerical approaches have been proposed;
see [12, 21] for reviews and references therein. In terms of the time marching approach, the
simplest explicit algorithms, such as the forward Euler method and Runge-Kutta methods,
were favored in the early days, while small time step size must be adopted due to the sta-
bility restriction [25]. Implicit methods can avoid the stability constraint,while a step-size
condition k = O (h?) is usually required in both the theoretical analysis and numerical simu-
lations [2, 3]. Implicit methods also suffer from the low efficiency since iteration methods are
commonly necessary. To obtain the numerical solution with high-efficiency, various of semi-
implicit methods have been proposed in recent years, such as the Gauss-Seidel projection
methods [14, 23, 29], the linearized backward Euler scheme [11, 16], the Crank-Nicolson
projection scheme [4], and the second order semi-implicit backward differentiation formula
projection scheme [8—10, 30]. In practice, all these semi-implicit methods inherit the uncon-
ditional stability of implicit schemes, and achieve a considerable improvement in efficiency.
Furthermore, an alternative class of time integration methods has been proposed within the
finite element framework [1], such as the first-order tangent plane scheme (TPS) and the
second-order angular momentum method (AMM) [20]. By defining an intermediate vari-
able v = 0;m, this class of numerical method solves v in the tangent space of m, followed
by a projection step to obtain the numerical solution. An unconditional stable TPS solves
a linear equation with variable coefficients at each time step, while a nonlinear equation
must be solved in the AMM approach. Henceforth, the efficiency of the TPS and AMM are
proportional with the semi-implicit methods.

The LLG equation is a nonlinear parabolic system which consists of the gyromagnetic term
and the damping term. It is a classical kinetic equation that solely incorporates velocity, with
no consideration given to acceleration. When relaxing the system from a non-equilibrium
state or applying a perturbation, it is reasonable to expect the presence of an acceleration
term. Consequently, this leads to an inertial term within the iLLG equation. More specifically,
the time evolution of m(x, t) is described by d;m, and an inertial term m x 9;;m is added to
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the term m x d,m. Therefore, the iLLG equation is a nonlinear system of mixed hyperbolic-
parabolic type with degeneracy. The TPS and AMM are firstly proposed to study the nutation
of iLLG equation, and these two methods aim to find a weak solution. Meanwhile, based on
the finite difference spatial approximation, a second-order accurate semi-implicit method is
presented in [24], and 9,,m and d,m are approximated by the central difference discretization.

In this work, we provide the convergence analysis of the implicit mid-point scheme on
three time layers for the iLLG equation. The unique solvability is subjected to the condition
k < Ch?. Nevertheless, by an introduced approximation solution, we construct a linear
problem for the error estimate, and thus we can obtain its unconditional convergence in
H'(£27). Owing to the application of the mid-point scheme, the proposed method naturally
preserves the magnetization length. Moreover, we propose a fixed-point iteration method
to solve the nonlinear scheme, which converges to a unique solution under the condition
of k < Ch?. Numerical simulations are reported to confirm the theoretic analysis, and the
inertial dynamics at shorter timescales is studied.

The rest of this paper is organized as follows. The iLLG equation and the numerical
method are introduced in Sect. 2. The detailed convergence analysis is provided in Sect. 3. In
addition, a fixed-point iteration method for solving the implicit scheme is proposed in Sect. 4,
and the convergence is established upon the condition k < Ch?. Numerical tests, including
the accuracy test and observation of the inertial effect, are presented in Sect.5. Concluding
remarks are made in Sect. 6.

2 The Physical Model and the Numerical Method

The intrinsic magnetization of a ferromagnet m = m(x,t) : 27 = 2 x (0,T) — %2 is
modeled by the conventional LLG equation:

om = —m X Am + om x 0;m, (x,1) € 27, (2.1a)
m(x,0) =m(0), x e, (2.1b)
dym(x,1) =0, (x,1) €382 x [0, T], (2.1¢)

where v represents the unit outward normal vector on 952, and o« < 1 is the damping
parameter. When the relaxation starts from a non-equilibrium state or a perturbation is applied,
the acceleration would be present in the kinetic equation, which is the inertial effect observed
in various experiments at the sub-picosecond timescale. In turn, its dynamics is described by
the iLLG equation

9m = —m x (Am +H,) + am x (3;m + t9,m), (x,1) € 27, (2.2a)
m(x,0) = m(0), xe, (22b)
dm(x,0) =0, xe, (220)
dym(x,1) =0, (x,1) €92 x [0, T], (2.2d)

where t is the phenomenological inertia parameter, and He is a perturbation of the external
magnetic field. To ease the discussion, the external field is neglected in the subsequent analysis
and only considered in micromagnetics simulations. Here the additional initial condition
d:m(x,0) = 0 is added, which implies that the velocity is 0 at + = 0 and it is a necessary
condition for the well-posedness. Then the magnetic energy functional is

1
Elm] = 5/ (IVm|* = 2m - He + a7 [d;m|*) dx. (2.3)
(%)
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For constant external magnetic fields, it satisfies the energy dissipation law

d
—&lm) = —a/ |6,m|>dx < 0. (2.4)
dt Q
Therefore, under the condition of (2.2¢), for almost all 7" € [0, T'], we have
1 1
f/ (|Vm(x, T* +at |dm(x, T’)|2) dx < f/ (IVm(x, 0)[*) dx. (2.5)
2J)e 2 Je

Before the formal algorithm is presented, here the spatial difference mesh and the temporal
discretization is stated. We consider the uniform mesh for £2 with mesh-size # and a time
step-size k > 0. Let L be the set of nodes {x; = (x;, y;, zx)} in 3-D space with the indices
i=01,--- ,nx,nx+1,j =0,1,--- ,ny,ny+1land k = 0,1,--- ,nz,nz + 1, in
which ghost points on the boundary 952 are denoted by i = 0,nx + 1, j = 0,ny + 1 and
k = 0,nz + 1. We use the half grid points with m; j x = m((i — $)h, (j — D)k, (k — Hh).
Due to the homogeneous Neumann boundary condition (2.2d), the following extrapolation
formula is derived:

Mi g1, j k= M, jk, M j+1k = M j, k, M jk.+1 = M jk, (2.6)
foralll <i <nx,1<j<ny,1=<k<=<nz wherei, =0,nx, j, =0,nyand k; =0, nz.
Meanwhile, for the time stepping, we define the difference formulates as follows.

Definition 1 For ¢" 1! = ¢ (x, t,41) and "' = ¥ (t,41), define

¢n+l _ ¢n 3 ¢n _ ¢n—l
dt+¢)n = k 5 dt ¢)n = k 5

and
wn+l _ wn

wn _ wnfl
A _—.

D+n
tlﬁ[/ k

Dy y" =
Consequently, we denote

" = %(d,*qs” +d;¢"). Dyt = %(DM/" + DY),
In particular, the second time derivative is approximated by the central difference form

¢n+l _ 2¢n + ¢n71

du = p @7)
Then for the initial condition (2.2¢), there holds
m(x;,0) =m(x;, k), Vle L, (2.8)

on the mesh grid. Given grid functions f,, g, € £2(2;, R?), we list definitions of the
discrete inner product and norms used in this paper.

Definition 2 The discrete inner product (-, -) in 02(82,, R?) is defined by

(Frgn) =h" D Frx) - g x). (2.9)

leL

The discrete 2 norm and H}f norm of my, are

LFulls =R Fr@en - frx, (2.10)

leL
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and
1l = 1F4 05+ 1V f3ll3 @.11)

with V, representing the central difference stencil of the gradient operator.
Besides, the norm || - ||oo in £°(82y,, R?) is defined by

1 wlloo = max [l £ (1) lco- (2.12)

Denote m;l' (n > 0) as the numerical solution, and the approximation scheme of the iLLG
equation is presented below.

Algorithm 1 Given mg, mh e W2(2),, $2). Let m” ! ,mj € W22, $%), we compute
n+l b
y

dymiy* — ity x (dim)y ! vdgm}y ) = iy x Ay, 2.13)

n+1

where mj = 5 (m + mZ_l), and Ay, represents the standard seven-point stencil of the

Mplaczan operator.

The corresponding fully discrete version of the above (2.13) reads as

mZ+l mZﬁl 3 ”“ +m;~ ! " (mZJrl m’,f] e Z“ 2m) +m;~ 1)
2k 2 2k k2
_mp i (e 2.14)

The second-order spatial and temporal approximation can be directly obtained by the Taylor
expansion:
m(x, tyy1) — 2m(x;, ty) +m(xq, t,—1)

2
kk (2.15)
= 0ym(xy, ty) + 58(4)’"(-"71’ )+,
and
m(xy, t, +m(xy, t,— k2
Ah< (1, tn1) 5 xr fn 1)> :Ahm(xl,tn)+?Ahattm(xl»tn)"f‘"'
(2.16)

h? k?
= Am(xi, 1) + 5 APmO ) + - Adm (1, 1) +
The two expansions indicate a regularity requirement for the classical solution m, in the space
CH([0, TT; [CO()P) N C2([0, TT; [C2(2)P) N L¥([0, T1; [CH)P).
Due to the mid-point approximation feature, this implicit scheme is excellent in maintain-
ing certain properties of the original system.

Lemma 1 Given |m2 (x1)| = 1, then the sequence {m},(x])},>0 produced by (2.13) satisfies

() |mpxp)|=1,VleL;
(i) 1DIVim T3 + alldm] T3 + tar D] |1d ml |3 = 0.
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Proof Employing the (2.2¢) firstly yields m®(x;) = m!(x;) for all / € L. Take the vector
inner product with (2.13) by (m"+1 (x)) + mzfl (x1)), and we get

1 1 0
my | = my) = - = |my| = my) = 1,

in the point-wise sense. This confirms (i). In order to verify (ii), we take inner product with
(2.13) by —Apm}, and get

1

ED, ||th”+1||2 —o(mj) % d,m, , —Apm}) — at(m) X dymj, —Apmj) = 0.
Subsequently, taking inner products with d,mz+1 and dnm’;,Jrl separately leads to the fol-
lowing equalities:

dm} 113 — et (m], x dymy, dimi ') = — () x dimy !, — Apmmj),

and

n+1)

D, ||d+mh||2 + a(m) x dymj, dim —(m}, X dymy, —Apmy).

2

A combination of the above three identities yields (ii).

In Lemma 1, taking k — 0 gives

d /1
= (S Ivamy 3+ 55 ||afmh||2 = —a|dm A, 2.17)
dr \2

which is consistent with the continuous energy law (2.4). Accordingly, in the absence of the
external magnetic field, the discretized version energy dissipation law is maintained with a
modification

+1 n
H mh —my |2

1
By mp) = 2| Z—=t | 2V R Vami D). @18)

Theorem 1 Given m}: 1 mh, mZH S Wl'z(.Qh, Sz), we have a discrete energy dissipation

law, for the modified energy (2.18):
Em™ m}) < Em}, m}™"). (2.19)

Proof Denote a discrete function

n+l _ _ n—1 n+1 n—1
n. ( h h h h h ) 3h(mn+l mZ 1).

2% ! i

Taking a discrete inner product with (2.13) by u” gives

o ot
n+1 n—1 n+1 n—1 n+1 n—1 n+1
4—k2(mh —my, . my —my )+ ——=(m, —my,,m, 2mh+mh )

o lmit = mp Ay )
n+1 + mz 1

(-

Meanwhile, the following estimates are available:

X ,ﬂ'} —0. (2.20)

+1 1 +1 1 +1 —12
m;" —m;  my" —mp ) =|m;" —m; 5= 0

< n+1 n—1 n+1

1
my" —my T myT = 2my +my )
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<(mn+1 — )+ () — w7y,  — m) — (ml — m) 1)>’ (2.21)
= |m — mZII% — |lm}} —m "3,
<m2+1 mh 7 Ah(m"+1+mz 1)>
<vh(m”+1 ), Vit 4+ my 1>>= 1VpmG 3 = 1Vemy G (222)
= (IVam 13+ IVam13) — (IVamt 113 + 11 Vm) " 3). (2.23)

Going back to (2.20), we arrive at

n+1 n n n—1
e )
k k 2 k 2

1 n+1
+@<(||th 15+ IVam}113) = (I Vamiy |13 + [ Vam)~ |I2))

| (.24)
B 2k 27 '
which is exactly the energy dissipation estimate (2.19). This finishes the proof of Theorem 1.

[m}

On the other hand, due to its nonlinearity, the unique solvability is ensured by a constraint
k < Ch?%, with C being a constant independent of k and /.

Lemma 2 Suppose mZ_l and m, satisfies |m;l_1| = |m7_1| = 1foralll € L inthe equation
(2.14). It has a unique solution lf}f—2 satisfies
k d— ]

m=%

(2.25)
Proof Suppose V! and V2 are the solution of (2.14), i.e.,
-1

i n i n—1 i n—1 -1 vi n_AI
Vimm T ViAmT (Vll —m % 7> 1LV 4+ m] e g (2.26)
2k 2 2k k2 Y 2 2 ’

j1-i)=1

fori =1, 2. Since |Vlil = 1forall/ € L, we get the estimate

Vk—i—mh
”T”oof 1.
By (2.26), we have
yl—y? o L vl—y2
lziklz_@(vll_"zz)x m|~ 1+7(Vl Vlz)xm;'—ﬁ%
1 n—1 | R
A N ViV

_ _
x Z 2 h2 2 x Z 2
li~ll=1 li~fl=1
The error |V — V2|, satisfies

d+1

247k
VY= V3 < =——=IV' = V?|12.
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Hence, | V! — V2|, = 0 if and only if
k —d—1
n <2 .
This completes the proof.
Remark 1 In the above Lemma, we give a unique solvability in the £2(£2),)-norm sense.
However, if we consider the norm || V! — V2| o, we will see that

Lo a 2ot 29tk
IV =Villoo < | 5+ — +

2 k h?

This implies that the unique solvability of the scheme (2.14), in the £°°(£2),) sense, is con-
strained by k < C 1h% and t < Ck, where C; and C; are constants independent of 4 and
k.

) V= V2. (2.27)

Meanwhile, it is noticed that, given the initial profile of m at t+ = 0, namely mP, an
accurate approximation to m! and m? has to be made. In more details, an O (k> + h?)
accurate approximation of both m!, m? and mlzmo , ’”2;"’1 is needed in the convergence
analysis.

The initial profile m°® could be taken as m® = m(-, 0). This in turn gives a trivial zero

initial error for m®. For m' and m?, a careful Taylor expansion reveals that

0

k2
n’l1 :mo + k3,m0 + Eattmo + O(kg)
k2
=m° + 7a,,mo + 0(k), (2.28)
m? =m® + 2k3,m° + 2k%9,,m° + 0 (k%)
=m® + 2k28,,m° + 0 (K>, (2.29)

in which the initial data (2.2c), 9;m(-, 0) = 0, has been applied in the derivation. Therefore,
an accurate approximation to m! and m? relies on a precise value of 9;,m at t = 0. An
evaluation of the original PDE (2.2a) implies that

1
m® x (8,,m0) =—m° x (Am0 + Hg), (2.30)
at

in which the trivial initial data (2.2c) has been applied again. Meanwhile, motivated by the
point-wise temporal differentiation identity

1
m - dygm = —(@m)? + S0 (mI*) = —(0,m), (2.31)
and the fact that |m| = 1, we see that its evaluation at # = 0 yields
m® - 9,m° = —(5,m°?* = 0. (2.32)
Subsequently, a combination of (2.31) and (2.32) uniquely determines 9,:mY:
1
3em® = ——m® x (m° x (Am° + H?)), (2.33)
ot
and a substitution of this value into (2.28), (2.29) leads to an O (k%) approximation to m! and
2
m-.

Moreover, with spatial approximation introduced, an O (k% + h?) accuracy is obtained for
1 0 2 1 . . T .
both m!, m? and %, m ;m . This finishes the initialization process.
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3 Unconditional Convergence Analysis
The theoretical result concerning the convergence analysis is stated below.

Theorng Assume that the exact solution of (2.2) has the regularity m, € Cc*([0, T1;
[CO)T1P) N C2([0, T1; [C2(£2)13) N L®([0, T1; [C*(£2)1?). Denote a nodal interpolation
operator Py, such that Pymy, € Cl(.Q), and the numerical solution mj (n > 0) obtained

from (2.13) with the initial error satisfyilng lerll2 + 1Vhel o = OG> + h?), where e} =
+

Pumo (-, 1) —m?, p=0,1,2, and || =5 L |l = OU2+h2), ¢ = 0, 1. Then the following
convergence result holds for2 < n < LkJ ash,k — 0F:

1Pame (-, ta) = mijll2 + Vi (Pame -, ta) — mp)ll2 < COZ + h?), 3.1
in which the constant C > 0 is independent of k and h.

Before the rigorous proof is given, the following estimates are declared, which will be
utilized in the convergence analysis. In the sequel, for simplicity of notation, we will use a
uniform constant C to denote all the controllable constants throughout this part.

Lemma 3 (Discrete gradient acting on cross product) [10] For grid functions f ) and g, over
the uniform numerical grid, we have

196 Cfn % gl = C(Ifalz - 1Vhgnloo + Ignlloe - IVaFal2).  (B2)

Lemma4 (Point-wise product involved with second order temporal stencil) For grid func-
tions f, and g, over the time domain, we have

f’”l—Zf’;iJrf,’Tl.g,,__fZ—fZ*l &g
k2 b= k k
fn+1 f fn_fn—l _
+k( - h .gz_hTh.gz 1)_ (3.3)

Now we proceed into the convergence estimate. First, we construct an approximate solu-
tion m:
m=m,+h*m", (3.4)

in which m is an auxiliary field. To maintain the model consistency, we also need Am =
Ame + h* AmD with Am™® being bounded uniformly. Hence, the auxiliary field m(! is set
to satisfy the following Poisson equation

. |
AmY =C with C = — [ 3’m,ds,
121 Jog

1 1
0V |mo= =57 00me |0, dmV lmi= S 00me |o=, (3.5)
with boundary conditions along x and y directions defined in a similar way. The scalar
function € = C () is chosen as f o Cdx = f 90 0 3,mdy for maintaining the consistency
with the Neumann boundary condition. This class of construction can be found in the related

works [26-28]; the purpose of such a construction will be more clearly observed in the later
derivation.
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Then we extend the approximate profile m to the numerical “ghost" points. Applying the
extrapolation formula:

m; ;o=m; ;1 M1 =M (3.6)

and the extrapolation for other boundaries can be formulated in the same manner. We will see
that such an extrapolation yields a higher order O(h>) approximation, instead of the standard
O(h3) accuracy.

Performing a careful Taylor expansion for the exact solution around the boundary section

z = 0, combined with the mesh point values: zg = —%h, 71 = 1, we get
& 3 5
me(x;, yj,20) = me(x;, yj,z21) —ho;me(x;, yj,0) — gazme(xi, vj,0) +O0”)
3
=m.(xi, yj,21) — ﬁagme(xi,yj,0)+(9(hS), (3.7)

in which the homogenous boundary condition has been applied in the second step. A similar
Taylor expansion for the constructed profile m! reveals that

mY(xi, v, 200 = mV(xi, v, 21) — hd;m D (x;, y;, 0) + Oh?)
[€))] h 3 3
=m W, yj 20 + 5 0me(xi, yj,0) + O). (3.8)

with the boundary condition in (3.5) applied. In turn, a substitution of (3.7)-(3.8) into (3.4)
indicates that

m(x;, yj,20) = me(xi, yj, 20) + h>m (x;, y;, z0)

=m.(x;, yj, 21) + Pm WD (x;, y;, 21) + O(h),

ie.,
m(x;, yj, z0) = m(xi, y;, z1) + O(h°). (3.9)

In other words, the extrapolation formula (3.6) is indeed O(h?) accurate.
As aresult of the boundary extrapolation estimate (3.9), we see that the discrete Laplacian
of m yields the second-order accuracy at all the mesh points (including boundary points):

Apm; o= Ame(x;, v, ) + O(®), (3.10)

forany0 <i <nx+1,0 < j <ny+1,0 <k < nz+1.Inother words, the construction (3.5)
ensures an O(h°) boundary extrapolation accuracy, as given by (3.9). This in turn leads to
a second order spatial accuracy for the discrete Laplacian operator, at both the interior and
boundary points.

Moreover, a detailed calculation of Taylor expansion, in both time and space, leads to the
following truncation error estimate:

mz+l _mzfl szrl +m271 5 ( EZH _m271 .
= o
2k 2 2k
mn+] —om + mn—] mn+1 + mn—l
ar = G- (*7” — )) e 3.11)

where [|7"]|; < C(k® 4+ h?). In addition, a higher order Taylor expansion in space and time
reveals the following estimate for the discrete gradient of the truncation error, in both time
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and space:

n n—1

T T
IVat"ll2, | ———— I < Ck* + ). (3.12)

In fact, such a discrete || - ||H1| bound for the truncation comes from the regularity
i

assumption for the exact solution, m, € C*([0, T]; [C°(£2)]?) N C2([0, T1; [C*(2)1) N
L®([0, T1; [C*(2)]P), as stated in (2.15) and (2.16), as well as the fact that m) €
cL(0, T1; [CY(§2)13) N L>°([0, T1; [C2(§2)]1%), as indicated by the Poisson equation (3.5).
Therefore, the regularity of m is same as the regularity ofmW ie., m € cl(o, T, [C (1)
NL¥([0, T]; [CH)P).

We introduce the numerical error function e} = mj — mj, instead of a direct compari-
son between the numerical solution and the exact solution. The error function between the
numerical solution and the constructed solution m;, will be analyzed, due to its higher order
consistency estimate (3.9) around the boundary. Therefore, a subtraction of (2.14) from the
consistency estimate (3.11) leads to the error function evolution system:

en+l enfl n+1 + mn 1 n+1 +e n—1
b T b = 5 R 5 o x 41", (3.13)
1 n—1 n+l n—1 n+1 n—1

my" —mj my" —2my +my, m;" +mj
! = af +e ) - (B G
— 2k k2 2

n+l n—1 n+1 n n—1 n+1 n—1

—e e —2e} +e +e

= “( : 2% e k2h : ) - Ah(%)’ (3.13)

where 7" is the truncated error at ¢,,.

Before proceeding into the formal estimate, we establish a W;>° bound for EZ’ which is
based on the constructed approximate solution m (by (3.14)). Since m(x,t) = m.(x,t) +
PmWx, 1) e L0, T1; [CL(2)1P) N L>®([0, T1; [C%(£2)])), we see that the bound
I EZ |lco becomes directly available. Then, there exist constants C and C; such that

n_ n—1

n—1 n Eh E
198 o VAR o0 < €1, 1= oo < Co,
where C; and C; depend on 4 and k, respectively. For simplicity, we denote
”’ _ ’Ln 1
I, oo VRt oo, 15— —lloc <C, £=n,n—1. (3.16)

In addition, the following preliminary estimate will be useful in the convergence analysis.

Lemma5 (A preliminary error estimate) We have

{—1 j+l j
— e 2
lef 13 < 2lleh 13 +2Tkzo H o VEKST. (3.17)
Proof We begin with the expansion:
- J+1 e
eh_eh—i-kz “h " vg.k<T. (3.18)

In turn, a careful application of the Cauchy inequality reveals that

J+l1

-1 el _ e;; 5
lef13 < 2(efi3 + 2| 3o =] ). (3.19)
Jj=0
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Jj+1
szZ"h = <k2fZH°’h =) <T’<ZHL e

in which the fact that £ - k < T has been applied. Therefore, a combination of (3.19) and
(3.20) yields the desired estimate (3.17). This completes the proof of Lemma 5. ]

Taking a discrete inner product with the numerical error equation (3.13) by jt} gives

1 . L n+1+mz 1 o
selen — e ) =(—— X fly, i)
n+] +e n—1
fh X WD) + (LD, (B2
The analysis on the left hand side of (3.21) is similar to the ones in (2.21)-(2.23):
1 1 - ot _
E(eﬁ“ —e) Ll = ﬁ(e;’fl —e, ! eZH —2e), + e, hy
+ m( n—H _ e;zl—l,e;ll—H _ BZ_I)
1
+ 2 (Vhe =D Vae e h), (3.22)
(et —ef et —ep !y = [le"T — e} 7|3 > 0, (3.23)
<e2+1 eZ ] n+1 _2eh +en 1>
= llej ! — ehn2 — llep — €715, (3.24)
<ez+1 n Ah(en+1 +eZ—1)>

(vh(e”“—eh D, Viept! + e 1)>—||vhe”“||2—||vhe 13

= (IVae} 13 + [1Vhell3) — (IVaepll3 + 1Vaer " 13). (3.25)
This in turn leads to the following identity:
1 . 1 _
sclen e = LEN - By + sl - s (326)
n+1 ot eZ _ ez n+1
= T (e B+ ||vheh||2) (327
1
The first term on the right hand side of (3.21) vanishes, due to the fact that # X fLZ
is orthogonal to fi}, at a point-wise level:
n+1 n—1
+m n o~
& S X iy, i) = 0. (3.28)
The second term on the right hand side of (3.21) contains three parts:
n+1 n—1
+e .
S X ) =1+ B+ T, (3.29)
n+l n—1 n+1 n—1
_ + €, L € e
I = a( > X Wy, P ), (3.30)
n+1 n—1 n+1 n n—1
+e e —2e} +e
L=ar(Z S X g ), (3.31)
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n+1 n—1 n+l n—1
+ e + e
= (T, -y (),

The first inner product, /1, could be bounded in a straightforward way, with the help of
discrete Holder inequality:

(3.32)

n+1 + ez—l e;tl+1 _ eZ 1

e n
A
e;’l[+l _ ez 1 ”
k 2

I =«

n+1 n—1 n
e+ ez oo |
n+1 n—1

B e —e
<C||e”“+eZ 1”2.H h - h H2

n+1 ez !
lef ™13 + llef ™ Ib+H——————H (3.33)

n+1 n—1
For the second inner product, I, we denote g} := % X EZ' An application of point-

wise identity (3.3) (in Lemma 4) reveals that

et — 2 4!
D =at(gy, h kzh h_y

EE (T gy — (T i), (3.34)

Meanwhile, the following expansion is observed:

1 n+1 n n—1 n—2

gr—g, e —e e —e
4“+4+41+42 w uzl

+ 1 X X .

(3.35)
This in turn indicates the associated estimate:

—1 n—1
gn _gn —e e
|gg | (”7}’ +Hh7”) ez lloo + 2~ o)
ler o + el + e~ 1l + llep 2

4

n+1 n n—1 n—2
e —e e —e
k 2 k 2

+ llef 2 + e llz + lleh ™2 + e ~2Il2)) (3.36)

n
zHEh

.

in which the bound (3.16) has been applied. Going back to (3.34), we see that

1 n n—1 n n—1
p sae| B[S
- k k 2

+1 n—1 n—2
e —e e —e
<o(| Bt [ v

n n—1 n—
e, —e &8
k ’ k

—ot(
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en_en—l
—1 -2 h h
+ el + lleh ™l + llef 1) | =]

en+1 _ en 2 enfl _ 8”72
e R S
< —| p lei™ 15
— e
+ llej 13 + lle 13 + llef~ ||2+H7”H )

(3.37)
Hence, we get the estimate

en+l — e 2 en—l _ en—2
I, < (H h h H h h H n+1
2 =c(| 2] + | % — + llep 13
212 22 [
+ e I3 + e~ 13 + ey 213 + | =] )
arT en+l e el — o' 1 B
PO gy (B ), (3.38)

For the third inner product part, /3, an application of summation by parts formula gives

n+1 n—1 n+] n—1
+ e + e,
e L
3 5 X py, h 5 )
en+1 +en—l n+1 +en 1
=(vh(% x [Lh> vh(%)y (3.39)
Meanwhile, we make use of the preliminary inequality (3.2) (in Lemma 3) and get
en+l +en71
h h n
v ()
n+1 -1 n+1 n—1
+e +e
S ||oo+||uh||oo [on ("))

en+1+en—l e+ + "
(| T+ (D))
= ) + || Va
= (e 2 + llef ™ 12 + 1 Vel Ml + 1Vaey ™ 2)- (3.40)

Again, the bound (3.16) has been applied in the derivation. Therefore, the following estimate
is available for /3:

e (E5 0]

2 2

n+l +6’ —1
bl
<c(llef 2 + e~ 2 + 1Vaer* 2 + 1€~ 112

n
)
(1€l 2 + 190~ I2)

=c(lle ™ 13 + ey~ 13 + 1 Ve 13 + 1 Vhe 1 13)- (3.41)

The estimate of /3 can also be obtained by a direct application of discrete Holder inequality:

n+1 n—1
+ e
< Vo). 9o ()

1 1 1 -1
||e”+ +e o IVap lloo - IIVA(e,™ + €7Dl

n+l n—1
+e
I :((7"
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<c(lel™ 13 + e~ 13 + 1Vaer 13 + 1 Vuer 1 13). (3.42)

A substitution of (3.33), (3.38) and (3.42) into (3.29) yields the following bound:

n+1 n—1
+e -
(%XILZ,ILZ)=11+12+I3
—e 2 e" _en—l 2 en—l _en—2 2
=o| A A A
2 k 2 k 2
+ ||e"+1||2 + e 13 + lleh ™13 + ey 213 + 1 Ve 13 + 1 Ve~ 13)
1 n—1
ot eZ+ _eh n eh — & n—1 )
—((———4, - (", . 3.43
+ (g — (g (3.43)
The third term on the right hand side of (3.21) could be analyzed in a similar fashion:
(T 1) =1s+ Is + e, (3.44)
en+1 e 1 en+] 2en+en—1
li=alt" ) Is=ar(e, ), (3.45)
n+1 n—1
+e
Is = (t", — Ay (%)) (3.46)
By the direct calculation, we have
en+1 _ n—l1 n+1 _enfl
Iy =afe", Ty < Dy - ||
o en+1 _ en—l 2
<2 e ‘MH 3.47
_4<IIT I+ T N (3.47)
and
Is = _ar(ez e - tnil) i ((LH — ¢ ) (e’,i — e "_1>)
k ’ k k k ' k ’ '
(3.48)
in which
(eh _ e;ll 1 o .L,nfl) - ‘ eZ _ e;ll—l H H o — .L.nfl H
k ’ k - k 2 k 2
n -1 n n—1
e, —e 2
<cw? O IR SR R 3.49
= C( , SCUW+h) + > . 5 (3.49)
We therefore get the bound for /s:
at el —e' 2
Is <C(k* +hty + = || Zh_"h
s <C(k™ +h") + 5 . 5
arT en-‘rl _ el el — en—l B
+7((%afn)—<%,fn 1)). (3.50)
Next, for I we have
n+l n—1 n+1 n—1
+e e, +e
I =(7", —Ah< 5 al )) = (Vpt", Vh(%))
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n+l1 n+l n—1
e +e +e
fth"“z-HWih )= e n (),

2
<Ck*+n) + (||vhe”+1||2 + 1V4e) ™" 13)- (3.51)

Notice that the truncation error estimate (3.12) has been repeatedly applied in the above
derivation. Going back to (3.44), we obtain

_e e _en—l 2
noEny <c(kt + ht H h h ™~ %h ”
(T, ) =C( )+ 5 2 ) )
5 (1o i3+ ||Vhe;,’*1||%)
n+1 n n—1
at /i —e el —e _
+7(< i p by — (4 kh " 1>). (3.52)

Finally, a substitution of (3.26), (3.27), (3.28), (3.43) and (3.52) into (3.21) leads to the
following inequality:

1 _
7(En+l _ Enh) + ”en+1 _eZ 1”%
_e 2 en_en—lz enl_en22
g c(H LS R S
&+ + 2 k 2 k 2
+ lleg 3 + lleg 13 + ||e,;1 13+ ey =213 + 1 9™ 13 + 19~ 1)
at s et — e el—e B
7((%,g;’,+r">—<%,gz Qe 1)). (3.53)

Subsequently, a summation in time yields

n j+1 J n+1
1 _ 2 4 4 e e
ENtU<E2, +CT( +h )+Ck(ZE)H7k H +Z(||eh||2+||vheh||2))
]:

et —en e — el
-l—ocr((%,gﬁ-i—r”)—( — bogh+Th). (3.54)
n+17
For the term o (-2 eh , g + 1), the following estimate could be derived
en+l en T en+l el 2
ar(F——h g o) < || b 2arlgp 1D, (355)
et tet e e "
FHE ] = N LA
n+l+ n—1
<c| 2] < caiel I+ e ), (3.56)

in which the bound (3.16) has been used again. Then we get
n+1 n n+1 n
h hp ¢
ghtT bk
PR b
+Clle 5 + lley 1)

2

2
ot 5 +2at|t"3

1 _
215"*l +2at|t" 3+ Clef T3 + el D), 3.57)

@ Springer



Journal of Scientific Computing (2024) 101:48 Page 17 0of24 48

. . .. . n+1 ar € —el 24 n+l1 HH2N o
in which the expansion identity, E =% 15+ 2 (||Vhe ||2 + IVie |I3) (given
by (3.27)), has been applied. Its substitution into (3.54) gives

n j+1 i n+1
e —e; |2 : .
E 2B, + TG + %) + k(Y0 | Z—=2 |+ 2 odle] 1B + 194e) 1))
=0 =0

1

2
e, —e
+elef 3 + ller 13 + ozt |3 — 20t (- - hogl 4+l (3.58)

Moreover, an application of the preliminary error estimate (3.17) (in Lemma 5) leads to

L o N
ENY 2B, +CT(* + ) +C(T? + Dk Y H%HJCT”‘??H%

n+1 2 1
— e
+Ck Y IVaepll3 + det|T"[3 — 20t (S gl 4 oty (3.59)
j=0

in which we have made use of the following fact:

n+1

KD llefI3 <k - o+ (20013 + 2TkZ ”7}1”)
j=0
2 eh 2
<27 €03 + 2T kzo H Hz (3.60)
In addition, for the initial error quantities, the following estimates are available:
2 ot e% _ellz 1 22 12 4, 44
B2, = 7” 7 (19eR13 + IVhe} 3) < € (k* + 1) 3.61)
lepll3 < ¢ (k* +h), (3.62)
datllt"|3 < (k* + 1), (3.63)
2 0
et eh €, te;, 1 2, .2
lehle = |25 xmy | < [P0 sl < € (6 +12), (3.64)
2 1 2 1
e, —e e, —e
— 20 (B gl o) < 2 | k| (lghla + N 2)
<c(k*+n*), (3.65)

which comes from the assumption in Theorem 2. Then we arrive at

j+l n+1 )
Er <c (1% + kZHeh Eh H +CkZ||Vhe{l||§+C(T+1)(k4—|—h4)

eh

<C(T + 1) (k* +h*) +C (T + kZE”‘, (3.66)

. . j+1 —e] j+1 i
in which the fact that E/}," = % || D=2+ 1(IVaes 113 + I Vaer [13), has been used.

In turn, an application of discrete Gronwall inequality results in the desired convergence
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estimate:
T
Eft <cTeCl (k*+h*), forall(n+1):n+1< {;J : (3.67)
en+1 — e
| S+ 19 e = € (4 12). (.68

Again, an application of the preliminary error estimate (3.17) (in Lemma 5) implies that
n ej+1 N ej
et 13 <2lefI + 27k > [ =2

Jj=0 k
A combination of (3.68) and (3.69) finishes the proof of Theorem 2.

Hz <c (K +n%, (3.69)

4 A Numerical Solver for the Nonlinear System

It is clear that Algorithm 1 is a nonlinear scheme. The following fixed-point iteration is
employed to solve it.

Algorithm 2 Ser mZH'O =2m}! —m} " and p = 0.
(i) Compute mZ+1'p+1 such that
n+1,p+1 n—1 n+1,p+1 n—1 n+l1,p n—1
m, —my, __m, T, (M
2k 2 2
m2+1,p+1 + mZ_l m2+1,p+1 _ mz—l m2+1,p+1 _ 2mZ +m2_1
+a X +7 .
2 2k k2
4.1
(i1) If||m2+1’p+1 — mZH’sz < ¢, then stop and set mZ+1 = mZH’pH.
(iii) Set p < p + 1 and go to (i).
Denote the operator
_ 2ut k +1 _
L =1 —amj ™ x == =mj x =24 (m ™7 1) 4.2)

and make the fixed-point iteration solve the following equation
+1,p+1 -1, 2ot 1k +1, —1
LPm, " PT = m] +T’"ZX’”Z —Emz x Ay (mz P+ m) ), (4.3)
in its inner iteration. Under the condition k < Ch? with C a constant, the following lemma

confirms the convergence of Algorithm 2. For any / € L and owing to the property of
|my(x;)| = 1, itis clear that 0 < ||my || < 1. For the discretized 22 norm of my,, we have

IVamplla < 2k~ imy o (4.4)
Then
| Apnmy |13 = —(Vimy, Vi Apmy,)
< \Vimp |2 VaAnmy |l < 207 Vamy |2 || Apmy, 2, 4.5)
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which in turn implies the following inverse inequality:

| Apmp 2 < 402 {my). (4.6)

n— ]|_

Lemma6 Let|m) |m}| = 1, there exists a constant co such that ||mZ_1 oo lmylloe <

calculated by (4.1) satisfies |mn-H P = |m',fl|f0r p=12,---,

1
which means that we can still find the constant co < 1 satisfying ||m"+ s < co. Then,
n+1,p

co. The solution mh+

forall p > 1, there exists a unique solution mh
valid:

of (4.1) and the following inequality is

ntlp+l ot -2 1, 1Lp—1
), P — TPy < deokh T lm" TP — TP, 4.7

Proof For any m;, € $2, the following identity is clear:
(mp, L' my) =1,

for all p > 1. Thus the operator L? is positive definite for all p > 1, which provides the
unique solvability of (4.1).

Taking the discrete inner product with (4.1) by m;, +m)~ ! wehave |m;,
in a point-wise sense, which means that the length of the magnetization is preserved at each
step in the inner iteration. Thus, we can find a constant ¢y < 1 to control the £°° norm of

n+1,p+1 n+1, p+l| 1

mZ’l, m) and mZH’P for p=1,2,--- simultaneously.
Subtraction of two subsequent equations in the fixed-point iteration yields
1 1
(mn+l L Z+1,p> __! <m2+1,p+l _ mZH,p) % Ay mn+1 N
2k 4
1 n+1 -
P n+l,p n+l,p 1
——my X Ah ( m, m, )

1
—Zmz x Ap (m" TP — Tl

1 1 1 _
—— (m! TP P ) x AT
4 h h

o _ n+1, +] n+1,

+oomy ! % (’”h T —my
2k
aT n+lp+l n+1 P

+—=m} x (m ).
2k2 h h /’l

Lp+l 1 .
Taking the inner product with (m} """ — m}*"") by the above equation produces
n+1,p+1 n+l1, n+1, n+1, n+1 1
A N Y (e I

n+l, n+1 1
Sl g (my 7 g
<cokl|Ap (m" TP —m" P ).
In turn, the convergence result becomes

n+l,p+1

n+1, n+1, n+l,p—1
llm, my, Py < dcokh™ my T —my P o, (4.3)

which completes the proof of Lemma 6.
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Table 1 The discrete ¢2 and £°°

errors in terms of the temporal k e, = me l2 lmy, = melloo

Step-size. The spatial mesh-size is T/40 1.2500e—11 1.2584e—11

fixed as & = 0.001 over

2 = (0, 1) and the final time is T/60 5.6887e—12 5.6024e—12

T =0.01 T/80 3.2008e—12 3.1525e—12
T/100 2.0487e—12 2.0174e—12
order 1.97 2.00

Table 2 The discrete ¢2 and £

error in terms of the spatial h lmy, = mell> lmy, — melloo

mesh-size. The parameters are set 1/20 1.9742¢—05 2.5320e—05

as: the temporal step-size

k = 2.0e—06, 2 = (0, 1) and the 1/40 4.9846e—06 6.3459e—06

final time 7 = 0.5 1/60 2.2340e—06 2.8201e—06
1/80 1.2720e—06 1.5853e—06
order 1.98 2.00

5 Numerical Experiments
5.1 Accuracy Tests

Consider the 1-D iLLG equation with a force term f,
oym = —m X dy,ym +am x (9;m + to;;m) +f.

The exact solution is chosen to be m. = (cos(¥) sin(r2), sin(¥) sin(#2), cos(t))? with ¥ =
x2(1—x)?, and the forcing term is given by £ = 8;mc+me X 8, e —ame X (3;me+T3;,me).
Fixing the tolerance € = 1.0e—07 for the fixed-point iteration, we record the discrete £> and
£ errors between the exact solution and numerical solution with a sequence of temporal
step-size and spatial mesh-size. The parameters in the above 1-D equation are setas: « = 0.1,
7 = 10.0, and the final time 7 = 0.01. The temporal step-sizes and spatial mesh-sizes are
listed in the Tables 1 and 2.
In addition, the 3-D iLLG equation is also considered,

om = —m x Am + am x (9;m + t10;;m) + f.

The exact solution is chosen to be m. = (cos(Xyz) sin(¢2), sin(xyz) sin(t2)), cos(2))” with
y= y2(1 — y)2 and 7 = z2(1 — z)z, and the forcing term f = 0,m¢ + me X Am, — ame X
(0sme + t0;ym.). Similarly, we record the discrete 0% and £ errors between exact and
numerical solutions as temporal step-size and spatial mesh-size varies. The corresponding
parameters are set as: « = 0.01 and T = 1000.0. Besides, the final time of this simulation is
T = 0.01, with the temporal step-size and spatial mesh-size listed in Tables 3 and 4.

5.2 Micromagnetics Tests
The inertial effect can be observed during the relaxation of a system with a non-equilibrium

initialization. To visualize this, we conduct micromagnetics simulations for both the LLG
equation and the iLLG equation.
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Table 3 The discrete ¢2 and £

errors in terms of the temporal k e, = me l2 lmy, = melloo
Step—size. The spatial mesh-size is T/100 1.2678¢—05 1.2765e—05
fixed as & = 0.001 and final time
is T = 0.01 T/120 8.8067e—06 8.8830e—06

T/140 6.4725e—06 6.5419e—06

T/160 4.9576e—06 5.0224e—06

order 2.00 1.98
Table 4 The discrete £2 and £°
errors in terms of spatial h lm, = mell2 lmy, = melloo
mesh-size. The temporal 1/8 1.4392e—07 3.4940e—07
step-size is fixed as k = 2.0e—06

1/10 9.6832e—08 2.2864e—07

1/12 6.9825e—08 1.6079e—07

1/14 5.2828e—08 1.1895e—07

order 1.79 1.92

1 T T T T
—(m,)
—(m,)
0.5 (m)|
£
_0‘5 L L L L
0 1 2 3 4 5
Time

Fig. 1 The relaxation of the spatially averaged magnetization controlled by the LLG equation. The final time
is T = 5.0 with k = 0.001, and the damping parameter is @ = 0.5

In the following simulations, a 3-D domain 2 = [0, 1] x [0, 1] x [0, 0.4] is uniformly
discretized into 10 x 10 x 4 cells, with uniform initialization m® = (v/2/2, +/2/2,0)7 . For
comparison, the LLG equation is discretized by the mid-point scheme proposed in [5] with
the fixed-point iteration solver proposed in this work. The damping parameter is « = 0.5
and the field is fixed as H. = (10, 0, O)T, which indicates that the system shall converge to
m = (1,0,0)7. Here the relaxation of the magnetization behavior controlled by the LLG
equation is visualized in Fig. 1.

As for the counterpart of the LLG equation, wtih a given reference field He, the discrete
energy of the iLLG equation becomes
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1 T
—m,)
—(my)
05 ()
£l
of| /] \/\ Vo
05 ‘ ‘ ‘
0 5 10 15 20

Time
(a) Spatially averaged magnetization

8 10 12 14 16 18 20
Time

(b) Energy decay

Fig. 2 The spatially averaged magnetization evolution a and the energy evolution b controlled by the iLLG
equation. Parameters settings: 7 = 20, k = 0.02, t = 1.0 and « = 0.5

1
Eim" ! m"] = 2 (I¥3m}; ™13 + Vi 13)

at (mt! |
H h L= 5 w4l H). (5.1)

n
_mh
k

2

Setting the inertial parameter t = 1.0, the spatially averaged magnetization is recorded to
depict the inertial effect in Fig. 2a. Meanwhile, the energy decay is also verified as in Fig. 2b.
The inertial effect is observed at shorter timescales for magnetization dynamics during the
relaxation of the system with a non-equilibrium initialization.

Furthermore, the inertial effect also can be activated by an external perturbation applied to
an equilibrium state. Here we set the damping parameter « = 0.02 and 7 = 0.5, then the time
step-size must be reduced to 0.001 with 7 = 3.0. For the equilibrium state m® = (1,0, O)T,
the perturbation 4.0 x sin(2x ft) is applied along y direction over the time interval [0, 0.05],
with f = 20. The relaxation of the iLLG equation, revealed by the evolution of the spatially
averaged magnetization, is visualized in Fig. 3.

6 Conclusion

In this work, we have proposed an implicit mid-point scheme with three time steps to solve
the inertial Landau—Lifshitz—Gilbert equation. The energy decay of the system and con-
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—m)
08 [ _<m2> b
0.6 (m)
E 041 ]
0.2 |
0 [V\ )\ N\j\/\j\j\/\/\/\/\/\/\/\/\/v‘/vv\»»‘>~-~— ————

0.2 I I I I I

0 0.5 1 1.5 2 2.5 3

Time

Fig.3 The response of the spatially averaged magnetization for the magnetic perturbation in the presence of
the inertial effect. For the equilibrium initialization m® =(1,0,007,a perturbation 4.0 x sin(27 f't) is applied
along y direction during time interval [0, 0.05] with f = 20. The basic simulation parameters are: « = 0.02,
7 =0.5,7T =3.0and k = 0.001

stant length of magnetization in a point wise sense are preserved by the proposed method.
By introducing a constructed solution m with second order accuracy, we have proved the
unconditional convergence in H 1(£27)-norm sense. Due to the inherit nonlinearity, a fix-point
iteration solver is required to the numerical scheme. For the theoretical analysis, although the
convergence analysis is unconditional, a constraint k < Ch? is required for unique solvability
and the fix-point iteration solver. In addition, we provide a series of numerical experiments to
confirm the theoretical analysis, as well as to observe the nutation of magnetization induced
by the inertial effect in micromagnetics simulations.
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