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Abstract

A step defect at the interface between a two — sublattice antiferromagnetic substrate and a uniaxial ferromagnetic thin
film stabilizes a Neel wall. Breathing domain wall modes (BDWM) are studied with the external field in the plane of the
film. The restoring force of the domain wall excitations originates from the interface exchange energy within the domain
wall. For low anisotropy ferromagnets there is a significant reduction of the domain wall width and the frequency of the
domain wall excitations is determined from the interface exchange coupling in a small interface area. For strong interface
coupling, the width of the domain wall excitation spectrum scales with the square root of the ratio between the interface
effective exchange field and the anisotropy field of the ferromagnetic film. © 2001 Elsevier Science B.V. All rights

reserved.
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Magnetic force microscopy (MFM) is a powerful tech-
nique to map the magnetic structure of materials.
Amongst the possible excitations of domain walls the
breathing domain wall mode is most explored since the
stray field produced by the breathing magnetic charge is
large in the neighborhood of the magnetic film surface
where the domain wall center is located. Thus, the study
of breathing domain wall modes by MFM is a good
method for mapping the positions of the domain walls
and thus the sizes and orientation of the domains [1].
This might be of interest for the characterization of
defects in interfaces between a ferromagnetic (F) film and
an antiferromagnetic (AF) substrate. Despite the large
amount of research dedicated to the study of the mag-
netic properties of F/AF interfaces, there are still unsol-
ved questions [2].

Interface roughness in bilayers consisting of a thin
ferromagnetic (F) film on an antiferromagnetic (AF) sub-
strate may lead to the nucleation of domain walls [3,4].
Domain wall nucleation has also been observed in the
vicinal F/AF interfaces [ 5-8]. In these cases, the interface
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pattern is controlled to a reasonable degree of accuracy.
In the experiments on Fe/Cr/Fe trilayers with a wedge Cr
spacer [ 5,6], the periodic domain structure in the thinner
Fe layer was found to correspond to the Cr interface
steps induced by the vicinal orientation of one of the Cr
surfaces of the wedge.

Rigid displacement domain wall modes [9] as well as
local spin wave modes [ 10] have been recently studied in
Neéel walls pinned by interface step defects. One key
aspect of this system is that the anisotropy field of many
ferromagnets of current interest is much smaller than
a typical exchange field. Therefore, it is likely that the
anisotropy field of the ferromagnet is small (by two or
three orders of magnitude) compared to the interface
exchange field in a F/AF bilayer. Thus, the interface
coupling may lead to a considerable reduction in the
domain wall width [117].

The magnetic energy fluctuations induced by vari-
ations in the domain wall width are proportional to the
inverse of the domain wall width, as shown below. Thus,
the measurement of breathing domain wall excitations,
for domain walls pinned at F/AF step defects, might be
an efficient means of estimating the effective interface
exchange field.
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For a single-step defect the magnetic energy density is
given by

L
E= J [A0? + K sin?0 — J,, cosO — HM cos0
—L

+ 2nM?sin*0sin?¢] dy. 1)

In Eq. (1), 6(y) is the angle between the magnetization and
the easy axis of the ferromagnetic film, z-axis, which is in
the plane of the film, parallel to the uniaxial axis of the
antiferromagnetic substrate and to the step edge. ¢ is the
out-of-plane angle whose equilibrium value is zero for
a Neel wall. The magnetic field, H, is applied along the
step edge and K is the effective uniaxial anisotropy con-
stant. The nucleation of a Néel wall originates from the
discontinuous change of direction of the interface ex-
change field at the step edge, represented by a change of
sign of J;, at y = 0.

The magnetic profile of the domain wall is taken to be
of the form

0 —qu
tan% = exp(y A(t(; ), 2)
where
A(t) = Ao + 546, 3)

Ao and gy are the equilibrium values of the domain wall

width and the equilibrium position of the domain wall

center, and are determined by energy minimization.
Minimizing the magnetic energy, we get:

qu = Atanh"IHEJ 4)
and

4 i

A0~ T+ 2(H, Hy)ln2 + g(H)

©)

The field-induced changes of the domain wall width
originates from the displacement of the domain wall from
the pinning center and is governed by the function g(H)
which is given by

_H+H ln<1 +£>. (6)

In the above equations we used 49 =./(4/K),
H; =Jiy/M and H, = 2K/M. For H =0, from Eq. (5)
we have

A ! . @)
Ao 1+ 2(H,/H4)In2

From Eq. (5), it is clear that 4 is a function of the applied
field H and that for materials of low anisotropy, one may
find a significant reduction of the domain wall as a result
of the step defect of the AF substrate. The maximum
reduction occurs for H = 0, when 4 has the value given
by Eq. (7). When the field increases the effect of the
interface defect is made weaker and in the limit of
H = H; the intrinsic domain wall width is restored:
A= A,.

The fluctuations of the domain wall width around the
equilibrium value, as given by Eq. (3), leads to fluctu-
ations of the out-of-plane angle, whose equilibrium value
for a Neel wall is zero. We consider

o) =2~ g0, ®
0

where

#0) = e o)

Notice from Egs. (8) and (9) that the center of the wall is
at rest. The nature of the domain wall mode and the
Landau-Lifshitz equations of motion motivate this
choice.

In order to define the dynamics in terms of global
variables, which describe the breathing motion of the
domain wall, we calculate the energy variations imposed
by the fluctuations in 6 and ¢ and integrate throughout
the domain wall.

The global equations of motion for the breathing do-
main wall, in terms of the dynamical variables 4 and
¢ are

oo n’M

- _ -7 10
354 G Vﬁb, (10)
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% 6 (11

where ¢ = E/4./(AK) and the limit of L > 4, has been
used.

The energy, given by Eq. (1), is a quadratic function of
04 and ¢. Using the magnetic profile given by Egs. (2)
and (3), and the values of the domain wall position and
the domain wall width given by Egs. (4) and (5), the
frequency of the breathing domain wall mode is ob-
tained.

Considering 4nM > H 4, the frequency of the breath-
ing domain wall mode is given by

- ST

where Qo =y /4nMH 4.
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Fig. 1. Breathing domain wall mode frequency. The numbers by
the curves indicate the values of H;/H 4.

In Fig. 1 we display the frequency of the BDWM as
a function of the external field. For H = 0 the interface
reduction in the domain wall width is maximum. When
the field approaches the interface field value H = Hy,
then the domain wall is far away from the step defect and
the domain wall width is restored to its intrinsic value 4.
In this limit, the BDWM frequency is equal to the value
of a free wall, not subjected to the interface step defect.
From Eq. (12) we get the value of the intrinsic breathing
domain wall mode frequency, Q;, as

Qi = QO\/E. (13)

Using Egs. (7) and (12), we get the frequency for H = 0,
Q(0), given by

(0) J
e |
: 242 (14)

The ratio between the frequency for H =0 and the
intrinsic value of the breathing domain wall frequency
is the ratio between the intrinsic domain wall width
and the interface reduced domain wall width. Thus, if
the reduction of the domain wall width imposed by
the interface coupling is large, the spectrum of
breathing domain wall modes is wide. In Fig. 1, a few
values of H;/H, have been selected in order to display
this feature.
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