Instability of spin waves in a sample with domain structure
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The instability conditions for first-order spin waves in a sample with laminar domain structure are
calculated. Equations for the spin wave amplitudes, the dispersion relation, and an expression for the
threshold field are obtained for an arbitrary orientation of the microwave field. The threshold
conditions for a perpendicular domain structure with various forms of pumping are analyzed in
detail. The dependence of the threshold field on the stationary field is discussed for various pumping

conditions and sample properties.

Theoretical and experimental studies of magnetic
resonances in ferrite samples with domain struc-
ture™ %! have shown that the resonance conditions
largely depend on the demagnetizing fields of the sample
and the domains, and therefore on the form of the do-
main structure.

The presence of domain structure should also alter
significantly the conditions of parametric spin-wave
excitation. In fact, the experimental results "*"! ob-
tained with single-crystal and polycrystalline ferrite
samples with domain structure have exhibited a num-
ber of interesting features in the dependence of the
threshold fields on the stationary external magnetic
field (frequency dependence, dependence on the satura-
tion magnetization, and the anisotropy field). From
these results we can infer the significant influence, on
the conditions of parametric spin-wave excitation, of
changes in the orientations of the domain magnetic
moments and the proximity of the ferromagnetic res-
onance frequency to the pumping frequency (an analog
to the proximity effect of the secondary to the primary
frequency in samples magnetized to saturation tedy,

Courtney 191 calculated the threshold fields with
parallel pum;ging for the perpendicular domain structure
discussed in ', However, in 19 he considered only the
parametric excitation of spin waves due to the micro-
wave field components parallel to the equilibrium orien-
tation of the domain magnetic moments, and did not take
into account the perpendicular components of the field,
thus obtaining results that contradicted the experimental
data "7,

It is the aim of the present work to calculate the
threshold fields for spin-wave instability in the domains
of a single-crystal sample, taking into account the inter-
action of the magnetic moments with all the components
of the external microwave field. We consider a spheri-
cal single crystal with cubic symmetry and a negative
first anisotropy constant (K; <0). The stationary ex-
ternal field H, is directed along the [110] axis. In this
case there can exist two types of domain (the two
nearest directions of easy magnetization) with magnetic
moments at the same angle to the external field direc-
tion (M; and M, in Fig. 1). We assume that the domains
are in the form of laminas perpendicular to the (001)
plane, and the domain walls make an angle a with the
[110] axis 1%,

The calculation is performed with the following
simplifying assumptions: 1) the domain walls are im-
mobile; 2) the interactions of spin waves in neighboring
domains are neglected; 3) in each domain the spin waves
are regarded as plane waves, and the boundary condi-
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tions at the sample and domain boundaries are not taken
into account.

The solution of the static problem can be written in

the form %
0,=0, 0,=n—0, g;=@.=n/4, Vi=v.=l/y,
Hn=sin6[4gM+%(3sinzg_z)]_ (1)

where vj is the relative volume of the i-th domain.

The following coordinate systems are used in the
calculation (Fig. 1):

1) the general coordinate system x, y, z;

2) the local coordinate system xi, yj, zi for each do-
main, where zj is parallel to the equilibrium direction
of the magnetic moment of the given domain, xj lies in
the (110) plane, y; is along the [110] axis, and y. is
along the [110] axis.

We denote the relative magnetic moment of the first
domain by a =M1/M, that of the second domain by
B= MZ/M; the cyclic variables are

ot =ct o, = 2 ae™,  Br=B.tipn= 2 Pre™; (2)
R k

and the components of the external microwave field
he=nh,a. cos ot, hy=h.a, cos wl, h.=h.a, cos wl. (3)

The components of the effective fields acting on the
magnetic moment of the first domain are given in the
local coordinate system below.

1. External field:

Hex o, =—h. sin 6+ (Ho+h.)cos 6,
Hexy=—hy, (4)
Hex ., =hax cos 0+ (H,+h,) sin 0,
2. Anisotropy field, including the nonlinear terms:

Hoxy=— (N20,0s@:*+ Nz, 0+ Ny o2t Neggety 2002
Hyy=— (N2, + Ny, @), (5)
Ho.=— (N oy +N,0%)
where Nxxz. , Nxz., ..., are functions of 6 and IKII/M
2 3
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and are determined from the expression for the anisotropy pears in Ak the term Nj specified by the conditions

energy.

We include here only the anisotropy-field nonlinear
terms that affect the condition of parametric excitation
of first-order spin waves (wg =w/2).

3. Demagnetization field of the sample:

Hso=—"/snM[aoton"+ (BotBo’) cos 20+2sin 26],
Hsyy=—"snM[o—a"—BotB0"),
Hs.,=—"3nM [ (po+Bs") sin 20+4sin® 0].
4. Demagnetization field of the domains:
Hy=—"[sN\MZ cos 0 sin o,
Hyy =4 NyMZ cos a,
Hygo=="/sN.MZ sin 0 sin o,

(6)

("

where
F =p, cos B sin atip. cos a,

(8)

p1:a0+aa"@o*ﬁq.q pz=aofao'+[307[’;n',
and N, is the demagnetization factor of the domain.

The exchange field and the field of the dipole-dipole
interaction in the spin wave for the first domain can be
written in the same form as for a sample magnetized
to saturation ',

The equation of motion for the first domain is

- x_l ar=otHy—a, (HyHiMl,). (9)
After the expressions (4)-(8) for the effective fields
are substituted in Eq. (9) we obtain a general equation
of motion for the magnetic moment in the first domain.
A similar equation is obtained for the second domain.
From these equations and their complex conjugates we
obtain a system of equations for the uniform precession
and for the spin wave amplitudes in each domain.

Since we shall be interested below in calculating the
instability threshold of first-order spin waves, we must
separate from the equation of motion of the spin-wave
amplitudes the part linear in ak, ao, Bo, and h, which
can be written in the form %!

=i (A+Ci) aut (BitDy) ai* 1 —iow (he cos 8+, sin 0), (10)
where
Arv=N.F 0ok /20 sin? 0., B,="/20, sin® 8,e*%+N,,
Cr=="/20, sin 6, cos 6, (ctoe™ "+ ao"e™)
+2N,; (ot a’) = /1203 (Boo") sin 26
—1/4Ny0:Z sin 0 sin a, (11)

Dy=—@w . sin 0, cos 0,e®a+2N o+ Npotto”,
N.=w.(—2+8sin? 06—/, sin* 0), N="/,0,sin*0(2—3 sin*0),
Ny="/50.5in 20(2—3 sin*0), N,'=—"/30.5in 20 (2+3 sin* ),

On=41YM, Ou=1M, ws=1D, 0.=1|K.|/M,

k(k, 6k, ¥k) is the wave vector of the spin wave in the
local coordinate system of the first domain; and 6k and
¢k are the polar and azimuthal angles of k (¢ is
measured from the x, axis in the x,y, plane).

The presence of domain structure significantly alters
the equation of motion: additional terms appear due to
the demagnetization fields of the domains (the term with
N, in Cy) and the demagnetization fields of the sample,
related to uniform precession in the second domain
(the term with o +83 in Ck); instead of the external
field, the demagnetization field of the sample at con-
stant magnetization, and the anisotropy field, there ap-
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of static equilibrium (1).

The inclusion of the nonlinear terms in the anisotropy
field (5), as in the case of a sample magnetized to satu-
ration, leads to the appearance of an additional aniso-
tropic coupling between the spin wave and the uniform
precession.

Using the Holstein-Primakoff transformation for
anisotropic media ', we obtain from Eq. (10) an equa-
tion involving Bk and the dispersion relation for spin
waves in the domain:

02=A— | Bi|*= (Nt 0osk*+ oy sin® 0,) (Natoosk?)

12
—_ N (0 sin® 0, cos 2@, +N,.), (12)

which agrees with the dispersion relation obtained
in 12,
setting wk= w/2, we ob-

From the equation for Bki v
an expression for the

tain in the usual manner %

threshold field:
oty = ﬂl
2w’
where AHg is related to the spin-wave attenuation
parameter 7k (which is introduced by replacing wk

with wi+ink) by AHk = 217k/y.

(13)

Further calculation of the threshold is a matter of
solving the system of equations for uniform precession
for specific models of the domain structure (angle @)
and minimizing the threshold field (13) with respect to
6k and ¢k (using wk=w/2) for each value of the field
(the corresponding value of 6 is then given by Eq. (1)).

Using a solution of the system of equations for uni-
form precession in the form

oy TR
Qo= (lIz,e““'+qu“'“')¥ ) po= (PLB“”"{'[)Ae_'.M)lzhl N

we obtain
W = 2% 5in 0, cos 0, | ( 4s + ong, + D8 O gtong -
5 . cos Oy & )e q. Bl (A,.—z—)e qa

o
2
. [0} B2
—By(gre~**+q.,°e™) ] — (An + T) (N“q,"f'Nm.qA')—-ﬁ (Au _
< h

)

(14)

o
1'2‘ (pi+pa*)sin 20

‘X (Nyyqa*+Nyeq) +Bs [ZNn (grtga”)—

N,
"1 X P resin B sin a] + By (axcos 0+a.sin0),

L0 Hqa"—p—p.*)cos B sin at+i(gr—qa"+p.—pi*)cosa. (15)

Let us consider the simplest type of perpendicular
domain structure 2, The solution of the equations
for uniform precession under various excitation condi-

s 4] . s
tions is given in the table.
Longitudinal excitation An{nsy{nmetrlc transverse SY“_’“‘?'-“C transverse
excitation excitation
h, #0, hy=h, =0 hy#0, hy=h,=0 hy #0, hy=h, =0
odyp © +dy o-+dg
qar, 2—2—0030 — 2—25i710 — i 0 —
0 — 0} — o 0} — ©*
y © L cos 0 ————m—d'\ sin @ i © =7
74 2 — o o} —or of — o?
L 91 — L — I
. . . .
Pa 74 —qa —Ta

Note: the following notation is used in the table: dp = w, (5 sin?6 —2), dp =
!/3wM + wga (5 sin?6 — 2), dg = /3wM sin?8 + (1 — sin?6) [w, (9 sin?6 — 2) +
NywM], wi = {(1 —sin?6) [wa(9 sin*8 — 2) + NywM] + /3wM sin®0} [/3wM +
wa (55in%6 — 2)], w3 = w, (1 —sin?0) X (5 sin?8 — 2) [/swM + wa (9sin®8 —2)],
and w, and w, are the ferromagnetic resonance frequencies under transverse and
longitudinal excitation [>*°].
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By making use of the expressions given in the table
for the amplitude of the uniform precession, we can
write the corresponding expressions for the W function
under various pumping conditions.

For parallel pumping: hz #0, hx=hy=0,

T.o+T:d
vv=-%cos 0+B,sin 0. (186)
For antisymmetric perpendicular pumping: hx #0,
hy=hz=0,
Tio—T2d
W T O i 6B cos . (mn
[0 Pt 1)
For symmetric perpendicular pumping: hy #0, hx=h,
= 0,
Tie—Tide
W=L'W~ (18)
Here
@y &} . B,? &} .
T, =T’sm0kcus 9.[( Ak+7) e’"”‘—ﬁ(fh—z—) e—iox
® B,? ®
+2iB, si ]—N [A +————( ——)]
iB, sin @y At B A, ) y
, @u .
T=T"+B, (Na — X sin 26) ,
, Oy ) B, )
T =T"sm 0, cos 9&[( Ak+2£)e'°"+-!—B—:|z—(Ak——21) e~
+2B, cos ]—N [A +£+£(A —3)] (19)
X Pr 2 3 2 AR 3 2

cases of parallel and antisymmetric perpendicular pump-
ing we are dealing essentially with oblique pumping, when

TA=—T'—B,[Ns+ o sin 20 (Y/sn—"/,N) 1,
N,="/.0,5in 20 (4—3 sin*0); N,="/,0,5in 20(1—3 sin*0),
Ns="/,@, sin 26 (2—3 sin0).
From Egs. (16)—(18) for W it is clear that in the

the instability threshold depends not only on the inter-
action of the microwave field with the longitudinal com-

ponent of the spin-wave magnetic moment (terms Bk sin®

in Eq. (16) and Bk cos 6 in Eq. (17)), but also in the in-

teraction of the spin wave with the uniform precession in

the domain (first terms in Egqs. (16) and (17)).

For parallel pumping in sufficiently strong fields
(near the saturation value) the threshold is essentially
specified by parallel pumping (sin6~1, cos 6~0); as the
field strength is reduced, the contribution from per-
pendicular pumping increases and that from parallel
pumping decreases. In this effect the proximity of the
resonance frequency w; to the pumping frequency is
significant (coincidence effect of the secondary and
primary resonances).

When the values of wpum and w:max are sufficiently

close, a decrease in the threshold field can be expected;
then in the fields corresponding to w, max there will be
a threshold-field minimum (Fig. 2, curve 1). As the
pumping frequency rises the depth of this minimum de-
creases, and at comparatively high frequencies the
threshold field rises monotonically as H, decreases.

6)’

@rmin

@2maz

330

hthl -~ -
>~ /\ -
~
J \/\ /// @ pumi
________ o
> ~
N @ pumy
C ~— @ pumt
b
e N
%// \
/ M\ sat Ho

FIG. 2. The reso-
nance frequencies (dashes)
and threshold fields (solid
lines) as functions of the
stationary field Hy under
various excitation condi-
tions.
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A similar effect can be observed in samples with dif-
ferent w, max. This conclusion is in qualitative agree-
ment with the experimental results ‘", In contrast to
the parallel case, for antisymmetric perpendicular
pumping the threshold in strong fields is specified es-
sentially by the perpendicular pumping; as the stationary
field is reduced, the relative weight of the latter com-
pared to the parallel pumping is decreased. However,
we must remember that the relative weights of per-
pendicular and parallel pumping depend on the relation
between the pumping frequency and w; min, If wpum
<wj; min, then in the vicinity of the saturation field the
threshold field should exhibit a minimum followed by

a monotonic rise (Fig. 2, curve 2). If wpum > w1 min,
then in this same vicinity a threshold-field maximum
should occur; as Ho decreases and w; approaches the
pumping frequency, the threshold field should decrease
and reach a minimum at w,=wpum (Fig. 2, curve 3).

In the case of symmetric perpendicular pumping,
purely perpendicular pumping occurs in the domains.
Qualitatively, we should expect the threshold fields to
depend on the stationary field in a manner similar to
the case of antisymmetric pumping. However, the dif-
ference in the conditions of spin-wave excitation
(perpendicular and oblique pumping) can introduce
significant differences in the values of the threshold
fields and their dependence on the stationary field. The
dependence of the threshold field on H, can be deter-
mined more accurately by minimizing Eq. (13) for the
various pumping conditions (16)-(18).

From the preceding analysis of the spin-wave excita-
tion conditions for a perpendicular domain structure it
is clear that oblique or perpendicular pumping always
occurs in the domains for every orientation of the
pumping field; accordingly, the proximity effect of the
secondary to the primary resonance, together with a
sharp drop in the threshold field, is always possible.
Evidently, this effect will occur for any domain struc-
ture in which ferromagnetic resonance of the uniform
precession of the domain magnetic moment is possible.
As a confirmation we may cite the results obtained in
polycrystalline ferrite samples Lo,
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