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Numerical solution of Landau-Lifshitz
Equation in the theory of magnetic elastic

Abstract

In this paper we study Landau-Lifshitz equation which describe
a nonlinear magnetic elastic in easy-axis ferromagnets.By means of
numerical simulation a numerical solitonic solution to above men-
tioned equation with SFD and NSFD rules and obtained as a re-
sult of solution of Couchy problem using exact analytical solution to
Landau-Lifshitz equation as initial data.Then we obtain the error of
each method

Keywords: Nonstandard finite difference scheme; Standard finite dif-
ference scheme;Landau-Lifshitz equation.
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1 Introduction

Investigation of nonlinear properties of magnetoelastic crystals in condensed
matter is very important. Most of this work has been done for linear mod-
els.It seems,that nonlinear magnetoelastic waves in nonlinear approximation
of phonon mode demonstrate a wide range difference their propagation and
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interactions in comparision to a linear one.This paper arise to study nonlinear
magnetoelastic waves in nonlinear approximation by phonon mode.The pa-
per is organized as follows.In the section 2 starting from quantum-mechanical
Hamiltonian taking into account modulation of exchange integrals as a re-
sult of oscillation of each site of spin chain,using generalized coherent states
of SU(2) group as a basis of trial functions following paper[5].we receive
Landau-Lifshitz equation which describes magnetoelastic waves in nonlin-
ear approximation of phonon modes analytically we were able to our best
find the solution to the above mentioned system only in linear approxima-
tion of phonon mode ,which requires application of numerical methods.In the
following we discuss a numerical approaches,which is not so simple due to
singularities arising in the poles of Bloch sphere,as for all types of sigma-
models.To avoid this we use a stereographical projection to a complex plane
;that corresponds to the projection of SO(3) space to a coset SU(2)/U(1)
space,due to their isomorphism.In the section 3 introdution NSF'D Rules and
implementation of NSFD for Lanadu-Lifshitz equation.In the section 4 we
solve the couchy problem using the analytical solution with a linear approxi-
mation in phonon mode as a initial condition,which could be considered as a
perturbed solitonic solution.As a result evolution of the initial perturbation
we receive a stable solitonic solution moving with some speed,and pertur-
bations irradiated to the boundaries,where they are absorbed by so called
“black box”boundary conditions. Let us remind ,that the Landau-Lifshitz
equation could be written,in the isotropic case,in the following form

1
. S ST
Where we introduce S = gt _g: | = S.o,

1 0 0 1 0 1
z T __ Yy :
o* = (0 _1),0 = <1 0),0 = ( ; 0) are Pauli operators.

This equation (1,1) give us a macroscopic description of the magnetization
dynamic in ferromagnets and represents the equation of motion of the mag-
netization vector in non-dissipative media. On the other hand, it is well
know, that in microscopic level the most popular models for description of
magnetic properties of a crystal are spin models of the Heisenberg-Frenkel
magnet

H=-> JuSiSk (1.2)
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where J;;. are exchange integrals | S’j are the spin operators of the atom in
the jth site.

2 Mathematical Modeling of problem

Let us consider the model of the Heisenberg ferromagnet with single-axis
anisotropy in the presence of oscillations of sites of the crystal lattice [5]

ﬁ — -Hs + ﬁp
where
. N oo
Ho=-" {7(§j+3111_ +857sm) + ngjzsjllz}
j=1

N
0 PR ~fZLN 2
= =) {Sisii + D877

J=1

is the spin part of the Hamiltonian,

is the phonon part of the Hamiltonian.Here A = (JJ;OJO) is the costant of ex-
change anisotropy,m and p are the mass and momentum of the atom,correspondingly
|y;+1 —y;| is the displacement of the jth atom from the equilibrium position,k
is the elastic constant,j is the summation index here s* = s* £is¥. Let us
pass over to the classical description.In order to make this we average ,by
use of the SU(2) generalized coherent states (GC'S) [6],[7] .Let us remind the

reader that SU(2)GC'S in complex parameterization has the form

2 =TTl =11+ 1) “eapls8 b~k @)

J

here k is the number of representation, is the parameter of quasiclassical de-
scription.Spin operators averaged by use of the SU(2)GC'S get the following

form ) o) |2
- _ /& 2; . o — |z
S;-L:Sj :(S]ﬂ J S.:<5.>——J

= - 2.2
T p T e Y
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Note that the parameterization via more habitual angle variables is possi-
ble.In the case the values of the averaged spin operators have the form

S = s (sinfcosy, sinfsing, cost) (2.3)

2, = tan (g) explip;}, (2.4)

where the values of the angle parameters are restricted as 0 < # < 7 and
0 < ¢ < 27 . By use (2.3) we obtained Landau-Lifshitz equation as the
following equations [5]

h
a0y — [a%gpi + QA} sinfcost + Tog7 sinfp, = 0,
2 (.. 2 h
Qg (sm wa)x - sinfl, =0 (2.5)

J0s?
By use of the vector (2.1) we carry out the averaging procedure of the
spin Hamiltonian H; . We have

= (2|H|z) = H, + H,,. (2.6)
a2
Zj4+1 = Zj + ApZjg + ?OZ]‘MC + ...
Yji+1 = Y5 -+ oYz 4+ ... (27)

Then rewriting Hamiltonian(2.4) in spherical variables we obtain
N
= —32 { (S)S;+5755) + JZSJZSJZH} + H,. (2.8)

Introducing Poison brackets in the following form

SA OB GASB SASB
{4, 5} /{ Sk 55i5Si P oy | oy 6P} dz

We derive the equations of dynamics of the magnetization vector coupled
with the lattice oscillations
oH

hS] ={H,5} = ewk&sls’ﬂ

4



UNDER PEER REVI EW

then

2 2
hS, — 32J0% (25Y 5% — 257 §¥) 7 — &J‘% (257 5% — 257 5%) 7

2
+52J0% (257.5% — 25% §) K — s2J02A (sty? - S%””?) (2.9)

we have S = (5%, 5Y,5%),¢e* = (0,0, 1) then from (2,9) obtain
1S, + 2702 [? x ?m} + 252 °AS* [? X ?] —0  (2.10)
or rewriting this equationsin matrixs form we obtain
1hS; + SQJO%g [S, Sza] + 52J0% [S,6%]{S,0°} =0 (2.11)

(2,5),(2,9),(2,10), (2,11) are different form of Landau-Lifshitz equation.
To conduct numerical simulation of magnetoelastic interaction processes

it is not convenient the parametrization by spherical variables of by Euler

angles, due to the singularities in the poles. In order to prevent that for

numerical simulation we use stereographical projection.

a) The relationship between the complex parameters z and S%, S¥, S* by stere-

ographical projection for top plane is given with the following relations

2+Z o Z—Z2. 4, 1—22
142z

ST =
1+ 27’ 1+22Z’

with use chain rule we have

Sz = 5%z 5 Zx
(1+22) (14 22)
e 1—72 1—22
To(+22)" (Q+22)7"
y —1-722 1422
SY = — 12, — 12,
(14 22) (14 22)
—27 (1 — 72 —22(1— 22 —4z — 4z 1 —z2 1— 22
v = ( _3)(Zr)2 ( _3)<Em>2+ — 3~ — 2 Fax 2
(14 22) (14 22) (14 22) (1+22) (1+22)
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g:p = M
(1+22) P2y 2202 e, 4
o« - Ty ) LAr—dz L 142
re = T3 (%)’ 422 1+ Z?)SZZ’”Z‘””JF—Ziz —-1-7
(1+ zz)?’ o) ————(Z,)? 427 — 4 (1+ Zg)z zet 512
(1+z§)3 “ — - z.Z 2z (1+ZZ)2 o
ngsz—szmsy _ _2254 — 973 + ) (1 t 22)3 ‘ m_<]_ + 27 5 Rzx 22 —
2272+ 27 Yot 2Z) (1+ 22)2 Zax
72842 (1422 (og)py 2 2 2
22— 27— 1 (11 22) i (2.)?
. = 2z i (Z2)" +
(1 + 22)3 t (Zivx) + z23— 22+ 2z2+1 ) ’
5t 50—y, 5 = T2 4 TR
TR 2 Az H 42, 2 224
ST Gz _ g2 9> (1—1-2'_41296 +Z 227° — _
o go_ge go o 22T a2 g (L+zzp 2o 2
— 2z _ 1 3 F
(1_{_22>4 (Zw)2+_224z_223_2 . ( ‘|‘ZZ)
ZE3+E2+ZE (1 _4’22—22_ )
(1—|—z—3+1z z23+ 22+ 2z ) =)
z oz
frOm (2,9) we h ) (1 — + 1z
ave hS% = 2 + ZZ) TT
t S JOGJQ
1—722 o (SY,9° — S55,5¢ 2
1— 22 72SY) — s7J020575Y
(1 +z§)2zt ( z 2 70 954 then
Eht _ 20,2552 _ 933 _
.y ) o Z3+ 2222 + 27 .
Z2t 4+ 223 — 2722 — 2 (1+22)" i(2)"
— 2z
(1+22)" i (Za)° + 22 +72 221
—Z2° — 2242741 (1+22)° () +
(1+ 22)° i (Zg)) — 52J° zZ—
andalsohsg:_z)OQ ) S‘]2A1+Zz_i><1_zz
5272 (S2,8% — 52,8%) + s o (212)
h(—l_EQ . 1+ , T + s JO2ASZSI then
Atz 7" © iz _
1+227° ")~ Y i kit
—22%7 — 223 ’ — 22222
232227 2y . (14 22)* (22)° +
(1+ 22)4 (Zm)Q—l—ZZ +722+2z+1 ~3 ., .2
(+227 = P2tz
162 J09A " 13 1—23 (1+ 22)° Zaa)
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then
—1—72 1422 —2742 — 223 — 27%2 — 2% .
< ! —5 2 N — Q,zt) = sZJOag( N — i (zx)2 +
(14 22) (1+2%2) (1+2%2)
2247 —223 - 222222 o 2242242241, ZB3 4+ 2242241
—\4 t <Z$> + —\3 Zxx —\3 szz)
(1+2%2) (1+ 22) (1+22)
_ 1 3
RN D YN et (2.13)
1422 14 2%z
and also hS7 = s?J%3 (52,5Y — 5Y,5%) then
-2z -2 —4737 — 472 4237 4+ 422
(1+22) (1+22) (1+22) (14 2%)
27 + 2272 22— 2227
—(i i Z)ZS 2 —(1’2 j %) (2.14)
+ 2z + 2z

we deduce relation (2.12) from relation (2.13) and we obtain

2 —222 4272 + 47 4724 + 423
h( 52 + : 2zt> :swoag(—zz + Zi(zz)Q—i——ZZ + i i(Z)° +
(14 22) (1+ 22) (1+22)

-2 (o) + —222 2227 — 22

() + ——— I

(14 22) (14 22) (14 22)

we multiply relation (2.14) in —z and add with relation (2.15) then we will
have

i (Ze)) — 82 JU2A i (2.15)

2227 — 22

2 4z —2
A ————2z ) = 2T (—————i (2, 2+—izm —s2J%2A 1
(( )Q ol (z2) 7)) (1+ 22)

1422 (14 27) (14 22)

—2a%7 22(zz2 — 1
ih = 20 (22007 2y 2 A22EE D)
1+ 22z 1+ 2z

then the another form of Landau-Lifshitz equation by use stereographical
projection for top plane is

2037 22(1 — |z|?
ihzt—l—s2(]0<_agzm+ A AZ( |Z|)>:0

1+ |22 11 |22
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then this equation after scale transformation can be written as

2z, (S2J0)2A2z(1—yz|2)

1+ 2= (woh 11|22

12t — Zgp + =0 (2.16)

b)The relationship between the complex parameters z and S*, SY, S* by
stereographical projection for bottom plane is given with the following rela-
tions . _ .
o FtE g EFE g E ]
14 2% 1427 1422
with use chain rule we have

g2 2z n 2z _
= 2y 2o
T (14 22)° (14 22)

227 + 228 — 2222 - 22 ., o —222* -2 42222422 _

Sy S*—S52.5Y = 1 (2,) + 1(Z,)" +
Gvy TR )
—223 -2+ 2241, z234+22—22—1.,_
—3 i (222) + —3 i (Zax)
(1+22) (1+22)
207ty + 223 + 2722 + 27 2247 + 223 4+ 2222 4+ 22
ST 875 5T = g ()4 — (Z.)? +
(14 2%) (1+22)
—223 22—z —1 —z3 22 —2z—1_
—\3 Rz 3 Zrx
(14 2%) (1+2%2)

then the another form of Landau-Lifshitz equation by stereographical pro-
jection for bottom plane is

2a37 2z(|z]? — 1)
i 270 (22, — 0% 2 —0
thzy + s <a0z 1+‘Z|2zx+A 152

then this equation after scale transformation can be written as

_ 2
2z 24 s2J° A22(|z|2 —1)
1+ 2|2 woh 1+ 2|2

12 + Zpw —

—0 (2.17)
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3 Nonstandard Finite Difference Method

3.1) Introduction to NSFD or NFSD Rules

The genesis of nonstandard finite difference (NSFD) modelling procedures
began with the 1989 publication of Mickens [2]. Extensions and a summary
of the known results up to 1994 are given in Mickens [3]. This class of schemes
and their formulation center on two issues. First, how should discrete rep-
resentations for derivatives be determined, and second, what are the proper
forms to be used for nonlinear terms. A brief and first introduction to the
discrete derivative issue is discussed in the paper by Mickens et al. [4].we
suppose decay equation[1]

Z—? = —u, u(0) = ug

Note that the usual forward Euler representation for the first-derivative is

du Ug+1 — Uk
dt h

However ,the discrete first-derivative for decay equation is given by the ex-
pression

du Ukl — Uk

dt 0]

where the denominator function ¢ is

1— e—/\h

¢ A

and the denominator function satisfies the condition
d(A\, h) = h + O(M\R?)

This way of constructing discrete derivatives can be easily extended to partial
derivatives. The linear harmonic oscillator is modeled by following second-
order ODE . The linear harmonic oscillator is modeled by the following
second-order ODE[1]

d*u 9

W +w" = 0
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wherew is a real constant.the discrete second-derivative for this equation is
given by the expression

d*u Uk1 — 2Up + Ug_1

i T Lsin® ()

where h = At, t, = hk.the "exact” NSFD scheme is

Upy1 — 2Up + U1

Zsin’ ()

+ wzuk =0.

This way of constructing discrete derivatives can be easily extended to partial
derivatives In general, the NSFD rules do not lead to a unique discrete model
for either ODEs or PDEs. However, this a priori nonuniqueness can often
be partially resolved by appeal to various constraints applied to the discrete
equations modelling the differential equations. For example, if the ODE
or PDE has special solutions, such as fixed points or traveling waves, the
requirement that the discrete equations also have these solutions along with
the corresponding (linear) stability properties will often force the discrete
models to only assume a small set of possible structures.

3.2) Implementation of NSFD for Landau-Lifshitz Equation

we use forward and backward and central difference method(explicit method
or SED) for equation (2.16) then

Z.Zi,jJrl — Rij—1  Ritlj T 22,5+ Zzi—1, 2Z; (ZiJrl,j — Zlfl,j)g_{_
2T h? 14 ‘Ziij 2h

ST apn 2= ) (3.1)
th 1+ ’ZLJP

and the NSFD scheme for this equation is

Z.Zi,jJrl — Rig-1 Zit1j — 2Zi5 T Zi-1j i 2Z 5 ~ (Zi+1,j - Zifl,j)g_'_

2T 5270 1o A 2(—1+[2; ;12) 1+ |Z”| 2h
4 o My e AT ’
(32J0)2 2(*1+‘Zi,j|2> Sin ( 2 )
woh 14z 512

$2J0)2A22’i,j(1 — 12i,41?) —0 (3.2)
th 1+ |Zi7j|2 ‘
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we use forward and backward and central difference method(explicit method)
for equation (2.17) then

Z.Zi,j-i—l — Zij—1 4 Ziylj — 225+ Zi—14 . 2Z; (Zi+1,j — Zi—1,5 )2+
2T h? 14 |Zi7j|2 2h
s2J0 5 2zi5(lzis]? — 1)
PATLTIL (3.3)
woh 1+ |2
and the NSEFD scheme for this equation is
Z.Zz‘,j+12— Zi,j—1 i Zit1,j — 225 + Zic1 - 2Z; . (zz’—f—l,j 2_hzi—1,j >2+
T \/(52J: AZC Lz D) + |21
4 . “o 1+\z ‘
52702 2(_1+|Zi,]’|2)2 )
woh VAT
2]0 2. (—1 2
(S 2 ZZ»]( + |Z'La.7| ) — O (34)

(,doh 1 + ’Zi,j|2

4 Numerical Result

We know for magnetic solitons moving with velocity v exact solution is [5]

9 2
tan®— H

2 Qcosh?ué — - Qﬂ’

fzz—UT:\Q/alA—w—<g)2 (4.1)

Now for obtain approximation solution at h = 0.1,7 = 0.002,A =
0.1, = 0.6 at T'= 10 we used (4, 1) as initial valu and will have

11
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Figure 1:Exact solution of Landau-Lifshitz equation
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Figure 2:Approximation solution by SFD of Landau-Lifshitz
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Figure 3:Approximation solution by NSFD of Landau-Lifshitz
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Figure 4:Errore of SFD method for v = 0.6
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Figure 5:Errore of NSFD method for v = 0.6
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T | SFD method | NSFD method
1 | 2.0000(—5) 3.000(—5)
2 | 4.0000(—5) 6.0000(—5)
3 | 6.0000(—5) 9.0000(—5)
4 | 7.0000(—5) 1.2000(—4)
5 | 9.0000(—5) 1.5000(—4)
6 | 1.1000(—4) 1.8000(—4)
7 | 1.3000(—4) 2.1000(—4)
8 | 1.4000(—4) 2.4000(—4)
9 | 1.5000(—4) 2.7000(—4)
10 | 1.7000(—4) 3.0000(—4)

Table 1: Maximum absolute errors for v = 0.6

Figure 6:Errore of SFD method for v = 0.8

o 1 2 3 4 5 6 7 8 9 1

Figure 7:Errore of NSFD method for v = 0.8
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T | SFD method | NSFD method
1 1.0000(—5) 2.0000(—5)
2 | 2.0000(—5) 4.0000(—5)
3 | 3.0000(—5) 6.0000(—5)
4 | 4.0000(—5) 8.0000(—5)
5 | 5.0000(—5) 1.0000(—4)
6 | 7.0000(—5) 1.1000(—4)
7 | 8.0000(—5) 1.3000(—4)
8 | 8.0000(—5) 1.5000(—4)
9 | 9.0000(—5) 1.7000(—4)
10 | 1.0000(—4) 1.8000(—4)

Table 2: Maximum absolute errors for v = 0.8

Figure 8:Errore of SFD method for v = 0.3

o 1 2 3 4 5 6 7 8 9 1

Figure 9:Errore of NSFD method for v = 0.3
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T | SFD method | NSFD method
1 | 5.0000(—5) 5.0000(—5)
2 1.0000(—4) 1.0000(—4)
3 | 1.2000(—4) 1.1000(—4)
4 | 1.4000(—4) 1.3000(—4)
5 1.6000(—4) 1.4000(—4)
6 | 1.9000(—4) 1.6000(—4)
7 | 2.2000(—4) 1.8000(—4)
8 | 2.5000(—4) 2.0000(—4)
9 | 2.9000(—4) 2.1000(—4)
10 | 3.3000(—4) 2.3000(—4)

Table 3: Maximum absolute errors for v = 0.3

Figure 8:Errore of SFD method for v = 0.1

o 1 2 3 4 5 6 7 8 9 1

Figure 9:Errore of NSFD method for v = 0.1
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T | SFD method | NSFD method
1 | 530000(—5) 3.0000(—5)
2 | 5.0000(—5) 5.0000(—5)
3 | 6.0000(—5) 7.0000(—5)
4 | 8.0000(—5) 8.0000(—5)
5 1.0000(—4) 1.0000(—4)
6 | 1.2000(—4) 1.1000(—4)
7 | 1.3000(—4) 1.1000(—4)
8 | 1.4000(—4) 1.2000(—4)
9 | 1.6000(—4) 1.3000(—4)
10 | 1.8000(—4) 1.4000(—4)

Table 4: Maximum absolute errors for v = 0.1

5 Conclusion

According to numerical examples,it can be concluded that if the velocity is
near the 1 the error of SFD method is less than that of the NSFD method,and
v< 1 the error of NSFD method is less than that of the SFD method,but in
general ,both of these methods have a close error but to increase the accuracy
of calculation,we can select kind of method according to the value of velocity.
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