Functional Materials 11, No.3 (2004)

Refraction and reflection of bulk spin waves
on a boundary of two homogeneous dielectric
ferromagnets having biaxial anisotropy
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Refraction index of spin waves propagating in a dielectric ferromagnetic medium
consisting of two homogeneous parts with different parameters of exchange interaction,
uniaxial and rhombic anisotropy as well as saturation magnetization, has been calculated
in the formalism of spin density, taking into account the defect of exchange interaction on
the interface of this media. The coefficients of spin wave reflection and transmission have
been computed. The dependences of both reflected wave intensity and refraction index on
the wave frequency and value of external permanent homogeneous magnetic field have
been obtained.

B ¢dopmanmsmMe COMHOBOI IJIOTHOCTH PACCUMTHIBAETCA IMIOKA3aTesb IPEJOMJIEHUS 00heM-
HBIX CIMHOBBIX BOJH, PACIIPOCTPAHAMOIMUXCA B (DepPPOMArHUTHOM cpene, COCTOAINeH M3 ABYX
yacTel ¢ PasiIMUYHBIMM 3HAUEHUAMHN IapaMeTpPOB OOMEHHOTO B3aWMMOEHCTBUSA, OJHOOCHOH U
pOMOMYECKOH aHM30TPONMM, a TaKyKe HAMArHWYEeHHOCTHM HACHIIIEHUSA, C¢ yueToM ngedeKTa
00MEHHOTO B3aMMOJEHCTBUA HA TPAHUIE dTUX cpel. BurumcieHsl KoahDUITMeHTH OTpaKeHU s
¥ TPOXOKIEHUS CIMHOBBIX BOJH. I[loJyueHBI 3aBUCUMOCTM WHTEHCUBHOCTU OTPaKEHHOI
BOJIHBI M IIOKA3aTejs MPEeJOMJEHHS OT YaCTOTHI BOJHBI M BEJIUUYMHBLI BHEITHETO IIOCTOSHHOTO
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ONHOPOAJHOT'O MAarHMTHOI'O IIOJIA.

As a rule, the wave concept is tradition-
ally used to describe theoretically the pecu-
liarities of spin wave propagation. This con-
cept is useful, for example, to find spectral
and some other characteristics of magnetic
materials [1-5].

This paper is devoted to application of
the geometrical optics formalism to describe
the behaviour of spin waves propagating in
a ferromagnetic medium with inhomogene-
ous distribution of magnetic parameters.
The use of this approach enables to vary
necessarily the propagation direction of
spin waves (in particular, a focusing) by
forming artificial inhomogeneities of the
medium magnetic parameters of the set con-
figuration, and also by changing the exter-
nal magnetic field strength.

In the paper [6], refractive index of a
spin beam has been determined, and its be-
haviour was investigated at the boundary of
two homogeneous magnetic media with dif-
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ferent parameters of exchange interaction
and uniaxial magnetic anisotropy. In this
work, the case of biaxial magnetic medium
is considered taking into account the jump
of the rhombic anisotropy parameter as well
as the exchange interaction defect. Besides,
refractive index and reflection intensity of
a spin wave are calculated at the boundary
of two homogeneous ferromagnetic materi-
als with diffrerent values of uniaxial and
rhombic magnetic anisotropy, as well as
constants of exchange interaction and satu-
ration magnetisation.

Let us consider an unbounded ferromag-
netic medium consisting of two half-infinite
homogeneous parts. Those are in contact
along the yOz plane and have in half-spaces
the values of saturation magnetization M,
and M,, values of exchange interaction pa-
rameters oy, Oy, uniaxial By, By magnetic
anisotropy and rhombic one p;, py. The easy
axis of such structure and an external per-
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manent magnetic field are directed along Oz
axis.

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

2
w=Y 0[(-1yxlw; + AS)MM,, D
=1

where

2
om;| B (2)
o
w; = E[ﬁ,:] + 2(m]2x + mjzy) +pm¥, — HoM .,

O(x) is the Heavyside step function; A, the pa-
rameter characterizing the exchange interaction
between half-spaces at x = 0; Mj=M0]-m]-; m;
unit vectors in the direction of magnetiza-
tion, j = 1,2.

We shall use the formalism of spin den-
sity [7], according to which magnetization
can be presented as

(3)

where ‘I’j are quasi-classic wave functions
playing the part of spin density order pa-
rameter; r, the radius-vector of Cartesian
coordinates; ¢, time; 6, Pauli matrices.

The Lagrange equations for ‘P have the
form

- a‘I’i(r,t)

ek ~oH, (r, 1) ¥ (r,1), (4)

where | is a Bohr magneton;
ow; ow;

Hej - _ I + i 1 X
oM; ' dx), d(dM;/dxy)

Taking into account that the material
magnetization in the ground state is paral-
lel to e, and assuming M]-z(r,t) = const in
both half-spaces, we shall search the solu-
tion of (4) as

1
Wi(r,t) = exp(ipgH ot /1) - ( Xj(r,t)} (5)

where Xj(r,t) is a small addition charac-
terizing the deviation of magnetization
from the ground state. Linearizing the
equations (4) and taking into account (5),
we obtain:
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(ocA B; - Hoj)x,(r ,t) zx,({r ),
in__ ot
2ugMy; 9t (6)
Mo 0j
= (A - B; - Hoj)x%r,t) e,
where HO] HO/MOJ’ ]. 2.

Expressing % (r,t) from one of the equa-
tions (6) and substituting it into another,
we obtain the following equation for the
magnetization dynamics:

n2 Pyt) (7
(2MOM0]-)2 a2z
= [o@Az ZOL(B 4 Hy;

(B + HOJXB +pj+ HOJ)}X](I' t).

Representing in (7) ) = X, expli(kr — wt)]

where o is the spin wave frequency, we
obtain an expression for spin wave spec-
trum in biaxial magnetic medium:

2 _ 2 ] 2 ]
Q= (ocjkj + B+ HOJ-Xocjkj + B+t HO,')’ (8)

where Q; = ot/ 2uy M;.

We shall use the JWKB method [8, 9] to
simplify the equation (7).

Let wus present in (7) X (r,t) =
exp[t(kos i(r) — ot)], where k; is the module
of wave vector corresponding to spin wave
incident the boundary, C is the slowly
changing amplitude. It follows from (8) that

ak? =NQZ + p?/4 - B; - p;/2 - Hy,.
If the spin wave length A satisfies the
transition condition of geometrical optics:

A <<a, 9)

where a is a characteristic size of an inho-
mogeneity present in the medium, then we
obtain from (7) an analogue of classic Ham-
ilton-Jacoby equation:

(Asj)2 =nZ, (10)

where

n? = k?/ k3. (11)
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Fig. 1. The dependence of reflection coefficient |R2
on the spin wave frequency o at o, = 1078 cm?,
oy =2-1078 em?, B; = 50, B, = 100, p; = 10,
Py = 20, M, = 125 Gs, My, = 175 Gs, A = 100,

6, = n/80, H, = 800 Oe.

Like to optics [10], we consider, that
right part of the equation (10) is a square
of refraction index:

sind,  ky (12)

~ 1/2

0 VQZ + pg/4 — By — py/2 — Hyg

= = n’
s \NQf +pf/4 - By - p1/2 - Hyy

where 0; is the incidence angle, 6,5, the re-
fraction one.

The critical total reflection angle is de-
fined as

sinb, =

1/2

T agVQF + p3/4 — By - py/2 - Hy,

Let us use boundary conditions for (r,t),
which follow from (1)—(2):

[AY(t2 = X1) + X1, = 0> (13)

[A(X1 = X2) — YooX'2], o = 0

Here y= Myg/M;y. We shall obtain the
expressions for amplitudes of the spin wane
reflection and transmission. Let the incident,
reflected and transmitted waves be defined as
xr = exp(i(kgr — wt)), xp = Rexp(i(kyr — ot))
and xp = Dexp(i(kor — wt)),
Here R is the complex reflection amplitude,
D, the transmission amplitude; ky, k;, wave

respectively.
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Fig. 2. The dependence of refraction index n
on the frequency o at oy = 1078 cm?2,
0y =2-108cm?, B, =50, B, =100, p; =10,
Py =20, M;,=125 Gs, My, =175 Gs,
H, =800 Oe.

vectors of incident and reflected waves, re-
spectively; k,, the wave vector of transmit-
ted wave.

Then

R= koozlcxzycosel\ln2 - sinze1 - iA(oclco£1 - azyz\/nz - sinze1
koal(nyco@l\/nz - sin%0, - iA((xlcosel + oczyz\/nz - sinzel)’

(14)

—2iA0, cosH;
koocloc2ycos61\/n2 - sinze1 - iA(oclcosﬁl + 0c2y2\/n2 - sinZGl).

Let us estimate the material parameters
when a lens is thin and incident angles are
small. Obviously, we have to provide a neces-
sary lens transparency. The reflected wave
intensity is defined by a square of reflection
amplitude module and, according to (14), is

given by |R?2 z[ oy — ogy2n /(cxl + azYZrQT
(for small incident angles and A — ). De-
manding a conformity to the condition
|R|2 < m, where 1 is a necessary smallness of
reflection coefficient, we obtain a limitation on
n and, therefore, on a, B, p, w, M, and Hy:

1-Vn Oy 1+
<—=n<—
1+Vn "o 1-n

In particular, at oy =ay, My = My,
the reflection coefficient is less than 10 %
if 0.52 <n <1.92. The respective limita-
tions for a mirror are given by or

o - o
O, 1= % 1+\n
o 1+ oy 1-m
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Fig. 3. The dependence of reflection coeffi-
cient |R|2 on the external permanent mag-
netic field strength H, at o, = 1078 cm?2,
oy =2-1078 em?, B; = 50, B, = 100, p; = 10,
Py = 20, M, =125 Gs, M,, = 175 Gs, A = 100,
0, = 1/80, ® = 4.6 - 1011 s71.

For example, |R2 > 0.9 is reached for oy = oy,
M01 = M02 at n <0.03 or n > 37.97.

To satisfy to the condition of geometrical
optics (9), a thickness of lens or mirror is
restricted by

1/2

a>> Zn(oc/(\/m/—él— B-p/2- fIOD

(15)
As it is seen from (15), parameters for
making lens or mirror can be easy provided
using a wide variety of magnetic materials
[11]. In particular, in the case of ferrite gar-
nets, the condition (15) for thin lens gives
permissible values of ¢ > 1074 + 1076 cm.
Figures 1, 2 show the dependences of
reflection intensity Iy = |R]? and refraction
index n on the spin wave frequency at char-
acteristic values of material parameters
[11]. It is seen well that necessary correla-
tion between intensities of reflected and
transmitted waves for a selected frequency
can be achieved by choosing the material
parameters. Besides, Fig. 3 shows an essen-
tial dependence of reflection intensity on
the value of external homogeneous magnetic
field. This makes it possible to vary the
reflected wave intensity within a wide
range by of changing only the magnetic
field value at fixed material parameters. In
this case, the refraction index changes like
to shown in Fig. 4.
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Fig. 4. The dependence of refraction index n on
the external permanent magnetic field strength
Hyat o = 1078 ecm?, oy = 2 - 1078 em?, B, = 50,
By =100, p; =10, py =20, M;,=125 Gs,
Mgy =175 Gs, o = 4.6 - 1011 571,

Thus, there is a possibility to obtain a
necessary value of reflection coefficient
from an inhomogeneity acting as a lens or
mirror by means of external field change.
Thereby, the reflection coefficient can
change considerably without change of me-
dium parameters. This fact allows to use
the same inhomogeneity both as lens and as
mirror at fixed parameters of structure.
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3aJIOMJeHHA Ta BigOMTTA 00’¢cMHMX CIHIHOBHX XBHJIb
Ha MeEJKi po3misy ABOX OTHOPIAHUX HieTeKTPUUYHHUX
MATrHETHKIB 3 JBOBICHOIO aHi30oTpomicio

I0.1.I'opobeyw, C.O.Pewwemnak

VY dopmanisami cmiHOBOI I'yCTMHU PO3PaXOBYETHCS MOKA3HUK 3aJIOMJIECHHS 00’€MHHUX CITiHO-
BUX XBUJb, IO IOIIUPIOIOTHECA Y (PepoOMarHiTHOMY CepPemOBHUINi, SIKe CKJIAZAETHCA 3 ABOX
ONHOPIAHMX YACTHH 3 Pi3HMMHU MapamMerpaMu oOMiHHOI B3aemopii, ogHoBicHOI Ta pombiumoi
aHizoTpomii, a TaKoK HaMarHi4YeHOCTi HaCUYeHHs, 3 ypaxyBaHHAM OedeKTy oOMiHy Ha Mexi
posminy mux cepemoBuil. O0uwmcieHo KoedillieHTH BigOUTTA Ta NPOXOMKEHHS CHIHOBUX
xBuJab. OTPUMAHO 3aJIe}KHOCTiI iHTEHCUBHOCTI Bif0MTOI XBMJII Ta MOKa3HUKA 3aJIOMJEHHS Bif
YaCcTOTH XBUJi Ta BeJWYWHU 30BHINTHBOTO MOCTiMHOTO OJHOPiAHOTO MATHITHOTO IIOJA.
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