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Abstract - Behavior of spin wave propagation in ferromagnetic
medium with non-uniform distribution of magnetic parameters
is studied. In particular, the influence of external magnetic field
on behavior of bulk spin wave propagating through
inhomogeneity made in form of lens (lens is biaxial
ferromagnet placed into biaxial ferromagnetic medium with
another magnetic parameters. Ferromagnets are in the
homogeneous magnetic field directed along the hard axis) is
studied.
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I INTRODUCTION

ecent advances in nanotechnologies and
Qnanoelectronics call for the creation of new

devices utilizing the characteristic features of spin
waves. Under these circumstances it is of interest to use
the geometrical-optics approximation to describe the
behavior of spin waves propagating in a medium with an
ingomogeneous distribution of magnetic parameters.
This paper is devoted to application of geometrical
optics formalism [1] to the description of behavior of
spin waves propagating in a ferromagnetic medium with
non-uniform distribution of magnetic parameters. Use of
this approach enables to obtain a necessary veering of
propagation of spin waves (in particular, a focusing) with
the help of artificial inhomogeneities of medium’s
magnetic parameters of the given configuration, and
also by change of value of an external magnetic field.

[I.  EQUATIONS OF MAGNETIZATION
DYNAMICS

Let us consider an infinite ferromagnet
consisting of two semi-infinite homogeneous parts that
are in contact along the xOz plane. In the corresponding
half-spaces, these parts of ferromagnet are
characterized by the saturation magnetizations Mq; and
Mgz, exchange interaction parameters o and a,, uniaxial
magnetic anisotropy B; and B,, as well as by rhombic
magnetic anisotropy p; and p,. The easy magnetization
axis of each magnet is directed along the z axis.
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The material is placed in an external uniform
permanent magnetic field Ho, directed along the hard
axis and the y axis of the coordinate system. Also plain z
= 0 separates given structure from vacuum.

The energy density of such magnetic structure in
exchange mode looks like

2 .
W= Ze[(_l)J y]Wj + AS(X)Mle (1)
j=1
where
o; om. om. .
Wj :?1671671_7]mj21_pz(mj2x+mj'22)_H0ijl (2)
K K

0(x) is step function; M; = Mgm;, m; are unit
vectors in the direction of magnetization, j=1,2; A is the
constant describing a coupling on interface between
half-spaces at y=0. Note that the case A=0 is equivalent
to the absence of a coupling between layers through an
interface, and A — o corresponds to an ideal (in a
coupling sense) boundary [2].

Following [3] we represent the distribution of the

magnetization in the material in the form
M; (1.8) =My, ¥, (51) o (x1). .

where y; denotes quasiclassical wave functions, which
play the role of the order parameter of spin density, r is
the radius vector in the Cartesian coordinate system, tis
the time, and e is a vector of Pauli matrices.
The Lagrange equations have the form

oy, (r.t)
=2 = ugH (r o, (), @
where o is a Bohr magneton, h is the Plank constant,
oW, oW,
and Hy =-— 2 L :
oM, % o(oM, ] ox, )
Then, using linear perturbation theory, the

solution of Eq.(4) can be written as following
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where n =

”":0 , and where &(r,t), (r,t) are small

additions characterizing the deviation of magnetization
from the ground state.

Linearizing EqQ.(4) and taking into account Eq.(2), we
obtain

E=iy, (6)

h? 0% (r.t)
2 2 =
(ZHUMOI')

=[a?a% +20, (Hoy =B, /2-p; ) A+

(7)
+(|:|oj _pj)(_HOJ +B; +pj):|E-’j (I’,t),

HO

where H,; =
0j
Equation
dynamics in
approximation.
Using the approach [4] of geometrical optics,
we obtain the refractive index of spin wave

nt = &B2/2+pz_|:lozi\)92+ﬁ§/4
Oy B,/ 2+p,—Hy, +Q2+p2/4

describes
short-wavelength

(7)
the

the magnetization
(exchange)

oh
where Q i = .
2uMy;
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Fig. 7 : Dependencies of refraction index of spin wave n
on value of external homogeneous magnetic field Hq., oy
=7.4x10™M cm?, o, = 5x10 em?, B, =20, B, =30, p1 =3, p»

= 6, Mo]_ =90 G, Moz =110G

Fig.1 shows dependency of refractive index on
external magnetic field. As it can be seen from the figure
it is possible to change refractive index of spin wave in a
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wide range of values by only changing of external
magnetic field keeping constant the frequency and
magnetic parameters of structure.

[11. REFLECTION AND TRANSMISSION

AMPLITUDES

Let a spin wave to impinge on the interface from
the homogeneous magnet with the parameter o, in the
positive direction of yat an arbitrary angle.

Let's use boundary conditions for &(r,t), which

follow from (1)-(2):

[Ar(&,-&)+ag ] =0
[A(E.al - éz)_YazEjz}y:O =

Here y=My/My. We shall obtain the
expressions for amplitudes of spin wave reflection and
transmission.  Suppose, incident, reflected and
transmitted waves are given by &, =exp(i(k,r-ot)),

g, = Rexp(i(klr—mt)) and &, = Dexp(i(kzr—mt))

correspondingly. Here R is a complex reflection
amplitude, D is a transmission amplitude, ko, ki are
wave vectors of incident and reflected waves
correspondingly, k, is a wave vector of transmitted
wave. Then

©

_ ko0, cos6,B —iA(a, cos6, —yB)
"~ ky0t, c0S6,B —iA( 0, cOSB, +7B)

B —2iAa., C0S0;
ko0, c0S6,B —iA(a, cos, +vB)’

where B=a,y,n*-sin*0, . The “+”

neglected for simplicity.

sign next to n is

In the case of an ideal boundary (A — «) EQs.
(10) can be rewritten as

R c0s6, —a,y*/n*—sin* 6,

a, Cos0, + azyz\/nz -sin?0,

20., COSO,

a, c0s0, +a,y’y/n* —sin’0,

ESTIMATIONS FOR THE PARAMETERS OF
SPIN-WAVE LENSES

D=

[V.

Let's give the estimations for material's
parameters when a lens is thin. Obviously, we have to
provide a necessary lens transparency.

Let’s consider that exchange parameters A; and
A, (A =M 2/2 [3]) are equal for both half-spaces. In

this case o, = azyz and Egs. (11) can be reduced to



R oS0, —+/N* —sin® 6,
cos0, ++/n* —sin? 0,

2c0s0,

D=

cos6, +\/n2 -sin®0,
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Fig.2A - Dependencies of intensity of reflected wave |R|2

on the incident angle 6 , for 1<n<?2

In Fig2A and Fig2B we show the

dependencies of intensity of reflected wave |R|2 on the
incident angle 6, for different values of refractive index
n. It can be seen that intensity depends strongly on the
incident angle and intensity has the lowest values at
small angles.
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Fig.2B . Dependencies of intensity of reflected wave |R|2
on the incident angle 6, for 0.5<n<1

In case of small incident angles Eq. (11) can be
rewritten as

R= oy —0yy°n
—
o, +0,y°N
5 (13)
D=—"1
o, +oLyn

Demanding a conformity to the condition
|R|2 <m, where n is a necessary smallness of reflection

coefficient, to provide enough transparency of lens, we
obtain a limitation on n and, therefore, on a, B, p, ®, M,
and Hg:

1—\/ﬁ<azy2n<1+\/ﬁ
+n o 1-n

In particular, in case of a,=a,y* reflection
coefficient is less then 10% if 0.52<n<1.92.
By adjusting the relation a,y*/a, one can set

up the lens for working with particular refraction index.
Indeed, using Eqg. (13) we obtain

(14)

2
oLy

&y

—>£,When 0,>0and R »0. (15)
n

For example, if one is going to use values of refractive
index that are close to n ~ 2, then he should choose

relation a,y*/a, to be close to 05. In this case

reflection coefficient is less then 10% if 1.04<n<3.85 (Fig.
3).
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Flg.3 . Dependencies of intensity of reflected wave |R|2
on the incident angle 6, for 1.04<n<3.85

V. (CONCLUSION

We have shown that it is possible to change
“optical” parameters of spin-wave lens in a wide range
of values by only changing of the external magnetic field
keeping constant the frequency and magnetic
parameters of structure. This fact allows one to use the
results of this research in applications of spin-wave
electronics.

It is also shown that despite the strong
dependence of reflection coefficient on incident angle it
is possible to obtain suitable reflection coefficient by
adjusting magnetic parameters of the structure.
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