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On the self-magnetostatic energy of jagged domain walls
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The demagnetizing energy of thin magnetic films can be written in terms of the Fourier
components of the magnetization distribution. This formalism is used to investigate the
structure of jagged domain walls in both perpendicular and in-plane media. Also introduced is
a set of correlation functions and their relationship to demagnetizing energy density in media

with random magnetization distribution.

. DEMAGHNETIZING ERERQGY OF JAGGED WALLS

The jaggedness of transition regions in magnetic record-
ing is a major source of jitter noise in readout. In an attempt
to better understand the magnetostatic origins of jaggedness,
we have studied a simple model of the transition region. The
analysis is based on an expression for the self- (demagnetiz-
ing) energy density of thin flms in the Fourier domain
which is written as’

Ep=2w 3%

S {GUf )M, 2

+[1 =G 1M, & P} {ia)

In Eg. (fa) the magnetostatic energy per unit volume is
denoted by £,;. The magnetic film of thickness /1 has dimen-
sions L, X L, in the xy plane; its magnetization distribution
M(x,y) is oniform through the thickness but arbitrary oth-
erwise. To simplify the analysis, periodic boundary condi-
tions have been assumed, namely, the xy plane is completely
covered with identical L, X L, tiles. The Fourier compo-
nents of magnetization distribution are therefore given by

s L, pL,
M, = — f f M)
L.L, Jo Jo 4

mx By Y
Xexp| — i2m| —— + —— | ldx dp.
sol - oo P24 )]s

X id

(1b)

The x and y components of frequency in the Fourier
domainaref, = m/L, and f, = n/L,. The magnitude of the
frequency vector f£is f = \ﬁ?{lff and the unit vector &,,,, is
in the direction of £, i.e.,

G = (/IR + (S, /0D, (i)

Finally, the function G(-) in Eq. (1a) is a low-pass spatial
filter with circular symmetry that is given by

(1d)

Note that the width of the filter is inversely proportional to
the film thickness 4. A plot of the function G(#/') isshown in
Fig. 1. According to Eq. (1a), therefore, the perpendicular
components of magnetization contribute to demagnetizing
energy after going through a low-pass filter, while the in-
plane components contribute after going through a high-
pass filter.

Let us now consider an array of walls, all paraliel to the y
axis, with an arbitrary amount of jaggedness in each wall as
showr: in Fig. 2. For simplicity we assume & sinusoidal mag-
netization distribution where M(x,y) has the following

G(ry = exp( — zr)[sinh{wr)/mr].

3727 J. Appi. Phys. 66 (8}, 15 October 1989

0021-8979/88/203727-04802.40

three components in the Cartesian coordinate system:

\
Hixy) = {M|cos[§ﬂ(x+asinﬂ) , (2a)

~x %

fa(x,p) = |M]sin§§tz(x -+ & sin Zzy) cos ¢, {2b)

s X 'y

, P27
») = [Misin|
ps(x,y) = | ismiL

(x + a sin %ﬂ) sin g, (2¢)
in these eguations 1M, a constant, is thév magnitede of the
magnetization vector, & and L, are the amplitude and the
period of jaggedness, respectively, L, is the period of the wall
pairs, and ¢, is a constant angle which determines the rela-
tive magnitudes of 4, and g,. By assigning the three compo-
nents of M to the x, y, and z axes in various orders, one
obtains several types of 180° walls as follows:
(1} in-plane head-to-head wall:

M = g% + pop + 32, (3a)

(i1} in-plane side-by-side wali:

M = p3X + 1,0 + ok, {3b)
(iit) perpendicular walk:
M = gk + P + 2. (3¢)

The three components of M(x,y} in Eq. (2) have the

FIG. 1. A plot of the function G(&f) in the £, f, frequency plane.
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Lx

FIG. 2. A pair of jagged walls in 2 magnetic film of thickness 4. L, and @ are
the period and the amplitude of jaggedness, respectively.

following Fourier coefficients:
M, =i|M\J, 2mma/L, };

mn

m=+1 n=0+1+2,.., (4a)
M) = (m/2)|M|J, (2rma/L, ycos éy;
m=4+1% n=0+14+2,.., (4b}

+ 3 {1 -6 [h VL F WL ]2
L id

In the absence of jaggedness o = O and the energy density
can be written simply as

By = m|MP{G(h /L, )sin’ ¢+ [} — G(A/L.)]}. (8)

The best choice for ¢, in this caseis ¢, = Oso that the magne-
tization remains entirely in the plane of the film. Now, as o
increases ¢, tends towards 90°. The reason is that in the
expression for the energy of the perpendicular component
[first summation in Eq. (7)] the term with » = O decreases
with increasing a {(the first zerc of J is at @ =0.38L, ). The
other terms with 770 are also small (assuming L, €L}
because the filter function G(Af) is small at high frequen-

§

E,, = 7|M[ i G(h\/('l/Lx)u(n/L»Z)Ji(ZZ“

M) = (m/2i) M|J, (2mma/L, )sin ¢q;

mn

m=+1, a=0+1+2, .., (4c)

where
g, (x} :—l—f exp| — i(n8 — x sin 8} }d8, (5a)
7 Jo

is the type one Bessel function of order n. The following
relations will be useful in this analysis:

Jl=—x)=J (x)=(—-1",(x)}, {5b)
1 n=0
= , 5¢
7, (0} EO not © (5¢)
S Sl =1 (5d)
One can verify, with the aid of Eq. (54}, that
SOSUMO P+ M2+ MO %) = (M) (6

We now investigate the demagnetizing energy for the three
walls in Eg. (3).

(i) In the case of the in-plane, head-to-head wall, Eqgs.
(1), (3a), (4}, and (5b) yield

)Sin2 Po

277(1)( (/LY + (n/L,)? cos2¢0H
L

2ra

(7

X

(1/L,)* + (n/L,)?

r
cies. Consequently, shifting ¢, towards 90° increases the per-
pendicular component’s demagnetizing energy only by a
small amount. At the same time the move towards ¢, = 90°
substantially reduces the energy of the in-plane components
[second summation in Eq. {7) ] because for n 0 all termsin
the summation are proportional to cos® ¢, (again assuming
L, €L, ). On balance, therefore, the move towards the per-
pendicular seems to facilitate the formation of zigzag boun-
daries in head-to-head walls. A possible remedy is the fabri-
cation of films with in-plane anisotropy so that the gain in
demagnetization is offset by anisotropy losses.

(ii} In the case of a in-plane, side-by-side wall; Egs. (1),
3(b), (4), and (5b) yield

EM=7r%Mi2i _i G[hx/(l/Lx)z-%(P?/Ly)z}fi(—i——>cosz¢g

+ S {1—G[n LT ¥ LY}z
—_ - y

In the absence of jaggedness & = 0 and the energy density is
simply written

Ey = 7|M|?{G{4 /L, ycos ¢,

+ [1—=G(h/L,)]sin® ¢y }. (10}
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2#&)((1/Lx)25iﬂz $o + (n/Ly)Z)]
7 :

S
(I/L)? + (n/L,)? ®)

x

§
The optimum value of ¢, now depends on 4 /L. The critical

valueis i /L, = 0.255 where G(k /L, ) = L. Below the criti-
cal point ¢, = 90° so that the magnetization is everywhere in
plane (Neel wali). Above the critical point ¢, = 0 and the
rotation of magnetization takes place outside the plane of the
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film (Bloch wall). More accurate descriptions of the side-
by-side walls including the effects of exchange and anisotro-
py can be found in Ref. 2. The introduction of the zigzag
structure does not seem to reduce the energy density in Eq.
(9). Thus, side-by-side walls appear to be in their state of

¥

o

E, = ﬂ‘M'ZE

o=

\

+ 3 {1—G B JTL + L)) 32

In the absence of jaggedness (@ = 0) we have
Ey=aMGh/L,) + [1 = G(h/L,y]cos’ ¢o}. (12)

The best choice for g, is @, = 90° so that the in-plane compe-
nent of magnetization becomes parallel to the p axis. As o
increases, however, ¢, moves towards 0, i.e., the in-plane
component moves away from y towards the x axis. As can be
seent from Eq. (11) the energy of the perpendicuiar compo-
nent goes down with increasing a. The contribution of the
in-plane component along x is only in the n = 0 term of the
second sum, since {with L, €L, ) all the other terms are
dominated by the component along y. By reducing ¢, then,
we reduce the contribution of the in-plane magnetization in
the y direction, while making a small sacrifice in terms of the
energy of the x component.

. DEMAGNETIZING ENERGY IN RANDOM
MAGNETIZATION DISTRIBUTIONS

Consider a random magnetization distribution M (x,p)
in a film of thickness %4 and dimensions L, X L, in the limit
when both L, and L, tend to infinity. Let us define the auto-
correlation functions for the various components of magune-
tization as foliows:

Rxx(nsg) = (Mx (xosy())Mx (x0+7isy()+§}>y (133)
R,,y("?,g) = <My (xmy())My(Xo + ¥y + §)>y (13b}
ny (W,g) = <_M1 (xos}"o)My {(xg+ 7.¥0 + §)

+ M, (X0, y0) M (%o + 1Yo + £3), (13¢)
R, (n,8) = (M, (xoo) M, g+ 5.0+ £y, (138)

Thesymbol (- --) means statistical average over an ensemble
of identical systems (films) where each member of the en-
semible exhibits a particular instance of a random distribu-
tion. Stationarity is assumed by indicating the dependence of
the autocorrelation functions on the relative and not the ab-
sclute positions. Stationarity gives symmetry with respect to
the origin of the 1¢ plane to the autocorrelation functions,
but other types of symmetry may also occur under special
conditions.

We now caiculate the statistical averages of the various
terms in Eq. {1a}. As expected, these averages are related to
the Fourier transforms of the preceding autocorrelation
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2mra

- GRJ/L"+ (n/Ly)z]Ji(—L—)

minimum demagnetizing energy when they are free from
jaggedness.

(iii) In the case of a perpendicular wall, Egs. (1}, (3¢},
(4), and (5b) yield

2770[)( (1/L.) cos® ¢+ (n/L,)* sin%oﬂ

11
(/LY + (n/L,)? (b

X

-

funciions. For the z component of magnetization we obtain

1 L, (L,
R,.(n.5)
LL, Jn_Lj_Ly 2o

Xexp[ — 5277‘(21‘ 7+ %g)}dn dg,

x ¥ (14)
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FIG. 3. Plots of G, ( f,. f, )} and G { £, f,} in the frequency plane. G, is
the same as G, but rotated around the vertical axis by 90°.
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where the approximate equality becomes exact in the limit
when L, and L, tend to infinity. Defining the Fourier trans-
form of R, (9.4) as

Ro(fuf)) = j j R (nd)

Xexp[ — 2r( f.q + £,6) 1dn dg, (15)

and realizing that 1/L, = df, and 1/L, = df, we can write
Eqg. {(14) as follows:

(M, 27 = R (fo, £, df df, (16)
Similarly,
2
<|an'&l2> — (f; R.‘:x(fx!.f_;) +%RX_V(J€UJI_‘V)
f f
Y £y d 17
+F }{)’(flx’Jy) fx f" ( )

Consequently, in this limit of large L, and L, one can write
the average demagnetizing energy density as
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By =21 [ 16 fuf R 1)

+ Gy G SRy i ) + Gy G IR, i 1)
+ Gl SR fon £ 11, (182)
where
G ([ £,) = [/ + 311 = GAf)],  (18b)
G (S ) = [LL/ 5 + Y HE =G ], (18¢)
G, (for ) = /U2 + )L =G, (18d)
G.(fo f,) =G(Af ). (18¢)
The functions G, G,,, and G, are shown in Fig. 3.
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