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Abstract

A 3D micromagnetic model for the study of the influence of finite linear structural defects on the remagnetization
processes in antiferromagnetically coupled multilayers is presented (such defects are assumed to induce the local
ferromagnetic coupling between adjacent magnetic layers). Some new features of 360 -domain walls predicted by the
previous model where the defect was assumed to be infinitely long are observed. It is shown that the annihilation field of
such walls strongly depends on the defect configuration, whereas the wall width is determined by the parameters of the
undisturbed layer only. Consequences for the comparison of our results with experimental data are drawn. ~", 1998
Elsevier Science B.V. All rights reserved.
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1.

Introduction

With this letter we continue our study of the
influence of linear structural defects on the remagnetization processes in magnetic multilayers Co/
Cu. Such multilayers demonstrate the giant magnetoresistance effect (GMR) at room temperature
and hence are of a great interest for various applications (first of all for magnetic sensors). But
irreversible magnetization processes leading to the
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hysteresis both in the magnetization curves and in
the field dependence of the magnetoresistance
[1-3] prevent the construction of reliable practical
devices based on such multilayers.
The natural explanation of this irreversible
behaviour is based on the concept of structural
defects which could locally affect the interlayer
coupling and even change its sign. Several models
of such defects for a system of two coupled layers
under quite strong additional assumptions were
investigated in Refs. [3, 4]. In Ref. [5] we proposed
a model, where linear structural defects arising
during the growth process were suggested to be
responsible for the irreversible remagnetization.

0304-8853/98/$19.00 ~: 1998 Elsevier Science B.V. All rights reserved.
PII S0304-88 53(97)002 19-9

82

D.V. Berkov et al. / Journal o f Magnetism and Magnetic Materials 182 (1998) 81-88

Such defects manifest themselves, in particular,
in changing the interlayer distances along the
defect line which (as mentioned above) cannot
only weaken the normal antiferromagnetic (AF)
coupling between the layers but also result in
the ferromagnetic (FM) coupling along the defect
lines.
In Ref. [5] we studied the model where such
a linear defect (inducing a F M coupling between
adjacent magnetic layers) was assumed to be
straight and infinitely long. In addition, magnetic
moments during the remagnetization process were
allowed to rotate only in the layer plane - the
assumption which seemed to be justified by the
large shape anisotropy of a single layer. But the
most interesting result found in our simulations
- the appearance of 360°-domain walls during the
remagnetization process - could be merely artificial
due to this in-plane restriction.
For this reason this purely 2D model was extended in such a way that magnetic moments were
allowed to rotate in 3D (i.e., out of plane also) [6].
This lead to a substantial reduction of the annihilation field of 360°-domain walls when compared
with Ref. [5], but the field region of their existence
was still very wide [6] resulting in large tails on the
hysteresis loops which were never observed experimentally. On the other hand, the effect of the finite
defect length should be also taken into account.
Both circumstances required further extension of
the model trying to achieve more reasonable agreement with the experimental results.

2. Micromagnetic model
The main qualitative difference between our previous model [6] and real linear defects which are
assumed to appear along the grain boundaries is
that real defects obviously have a finite length. The
presence of the end of the defect line could substantially influence as well the geometry of domain
walls arising near such a defect as its annihilation
field. For this reason we developed a full 3D model
where a semi-infinite defect was embedded in
a multilayer structure as shown in Fig. 1. As in
Refs. [5, 6] we assumed that the interlayer coupling
along the defect line is ferromagnetic in contrast
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Fig. 1. Multilayer structure with the semi-infinite defect.

to the antiferromagnetic interlayer coupling in the
defect-free regions.
We also assumed that magnetic layers are thin
enough to neglect the magnetization variation perpendicular to the layer plane inside a single layer
and hence discretized our system as shown in Fig. 1
- one cell layer in y-direction per magnetic layer. As
it was explained in Refs. [5, 6] in the case of Co/Cu
multilayers we can neglect the crystallographic anisotropy energy and take into account the demagnetizing energy simply as the shape anisotropy
energy of a thin magnetic film. Altogether, for our
3D model we have to minimize the total system
energy of the form (the construction of this expression proceeds exactly in the same way as in Ref. [6])
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Here (i,j)x means a summation over nearest
neighbors in the x-direction (the same for y and z),
Ms (= 1400 G for Co) denotes the saturation magnetization of the material, ml is the unit vector

D. 1~ Berkov et al. / Journal of Magnetism and Magnetic Materials 182 (1998) 81-88

pointing in the magnetization direction in the ith
cell, the reduced external field is defined as ho =
Ho/Ms, A ( = 10 -6 erg/cm 2 for Co) is the ferromagnetic exchange constant of the material, Ji~ are
interaction constants characterizing interlayer
coupling between cells i and j which belong to
adjacent layers. The geometry of the problem is
defined by the sizes of the discretization cell in
corresponding directions Ax, Ay, Az and its volume
AV.
Magnetic and structural parameters for the
multilayer structure under study were chosen according to their values determined experimentally.
In the defect-free region (for a perfect multilayer)
we set Jij = Jaf ( = - 0.2 erg/cm 2 for our system
[6, 7]). In the region occupied by the defect the
interlayer coupling was set to Refs. [8, 6] J~ =
Jf = 2A/(dco + dcu) where in the layer under study
the thickness of the Co layer was dco = 2 nm and of
the Cu layer dcu = 1 nm [7].
All results presented below were obtained for
a multilayer containing six magnetic layers. Each
layer was discretized in Nx× N~ = 65 x 65 cells
with physical cell sizes Ax = Az = 2 nm. The defect
geometry is shown in Fig. 1. Defect region occupied two discretization cells in the x-direction and
48 cells in the z-direction.
During micromagnetic simulations we applied
free boundary conditions to the upper and lower
magnetic layers, fixed boundary conditions for the
left and right cell layers (magnetization orientation
which would be obtained for a perfect multilayer, as
in Ref. [6]; it can be calculated using, i.e., the
so-called 'atomic layer model', see Ref. I-7] for the
latest example of such calculations) and 'infinity'
boundary conditions to the front and back cell
layers. 'Infinity' boundary conditions mean that by
the exchange energy evaluation (the only energy
contribution which depends on the boundary condition) we assumed that moment orientations in the
cell layer before the front layer are exactly the same
as in the front layer and in the layer behind the
back layer - the same as in the back layer. This
assumptions mean that front and back layers are
supposed to be so far (hence the 'infinity' boundary
conditions) from the defect end that practically no
magnetization changes occur along the y-axis (see
Fig. 1) outside the simulated region.
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Fig. 2. Hysteresis loops for the multilayer structures with the
semi-infinite defect shown in Fig. 1 (solid line) and with the
structure with the same parameters but the infinite defect
(dashed line). Points on the hysteresis loop which were used to
generate Lorentz microscopy images shown in Figs. 5 and 6 are
marked as a, b, c and d.

To simulate a hysteresis loop we started from
a large external field (Ho >~ 10M~) where the system
was almost saturated and computed the equilibrium magnetization state using the equationof-motion algorithm [9]. Then we decreased the
field a little bit and used the equilibrium structure
obtained in the previous field as a starting one for
the new equilibration process. Hysteresis loops obtained this way are shown in Fig. 2 (see next section
for details).

3. Numerical simulation results and Lorentz
microscopy observations of 360 ° domain walls

The basic difference between hysteresis loops obtained for the semi-infinite defect shown in Fig. 1
and for the infinite defect with the same depth and
width but infinitely long in z-direction (shown in
Fig. 2 with the solid and dashed lines correspondingly) is the large reduction of the annihilation field
of 360°-domain walls for the semi-infinite defect.
This reduction manifests itself in the decrease of the
field where the hysteresis loop closes - the so-called
irreversibility field Hirr [5]. In addition, for the
semi-infinite defect this irreversibility field was
found to depend strongly on the defect configuration, i.e., on the number of layers occupied by the
defect region, on the defect width in the x-direction
(see Fig. 1), etc. Corresponding dependencies for
the infinite defect are much weaker.
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This indicates that the magnetization configuration near the defect end plays a very important role
in the formation and annihilation of 360°-domain
walls. To visualize these processes, we show the
configuration of magnetic moments around the defect end for a layer where a 360°-domain wall is
formed (Fig. 3); we would like to recall that for
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Fig. 3. (a) Curled magnetization structure near the end of defect in a magnetic layer where 360°-domain wall is formed. (b) A
pair of 360~-domain walls formed around the semi-infinite linear
defect. Both pictures corresponds to the state marked as ~ on the
hysteresis loop in Fig. 2.

defect shape studied here such walls are formed in
each second layer containing a defect as explained
in detail in Ref. [6], p. 3.1. It can be seen that a pair
of such walls is formed around the defect region
(shown with the solid rectangle) and that these
walls are 'pinned' at the end of defect. This 'pinning'
occurs due to the formation of the curl-like magnetization structure near the defect end (Fig, 3a). The
reason for formation of this curl is the same as for
the 360°-domain wall itself: moments far from the
defect region are coupled to the adjacent magnetic
layers antiferromagnetically, whereas moments in
the defect region are coupled ferromagnetically, so
that during the remagnetization process they are
forced to rotate with opposite rotation senses.
Far away from the defect line the energetically
most favorable position for both walls is in the
middle between this line and the borders of the
simulated structure which are held fixed by the
boundary conditions. This follows from the symmetry reasons at least in a strong negative field
where moments near the defect and on the borders
of the simulated structure are saturated in the negative z-direction. Hence, starting near the defect end
both walls tend to 'move away" from the defect line
when the distance to the defect end increases thus
forming a A-like structure (Fig. 3b).
To verify the formation mechanism of 360" domain walls proposed here we have performed
Lorentz microscopy observations of the remagnetization process in our multilayer structures. Multilayers with 12 Co layers (each 2 nm thick) separated
by 1 nm Cu spacer layers were used. Lorentz
microscopy images during the remagnetization
were recorded using the technique described in Ref.
[10] (similar images recorded during the remagnetization of the biased Permalloy layer can be
found in Ref. [11]). A typical picture obtained this
way is shown in Fig. 4. Black and white lines
oriented nearly perpendicular to the field direction
can be clearly recognized. As explained in Ref. [10]
these lines correspond to 360 ° walls with opposite
magnetization rotation senses. The inset in Fig. 4
shows the enlarged image of the A-like structure
corresponding to those presented in Fig. 3b and
Fig. 5d. The walls also were found to appear approximately on the same places during repeated
remagnetization cycles, as it would be the case if
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Fig. 4. Lorentz microscopy picture observed during the remagnetization process for our multilayers (see text for layer parameters) in the field Hx = 90 Oe. Note that the black-white
structures corresponding to 360 ° domain walls lie approximately perpendicular to the field direction.

they formation would be determined by the structural defects.
However, drastic quantitative discrepancies between experimental observations and simulation
results were found. First of all, the field region for
which such walls could be observed was much
narrower than found in our simulation (approximately one order of magnitude). But, as it is already
mentioned above, this field region strongly depends
on the defect parameters serving as input for our
micromagnetic model so that this discrepancy can
be easily removed.
More serious is the disagreement of numerical
results concerning the wall width (/sim ~ 20 nm, see
Fig. 3 and Ref. [6]) with the wall width determined
experimentally. The latter (measured using the
method described in Ref. [10]) was found to be
leap ,~ 150 4- 10 nm (the averaging was performed
over ,~ 200 values). As it was pointed out in Ref. [5]
the wall width observed in simulated structures
does not depend on the defect parameters at all, but
depends only on the magnetic and structural properties of a perfect multilayer.
Indeed, for the mechanism of the wall formation
proposed in Ref. [6] such a wall appears as a consequence of opposite rotation directions of the magnetization in some layer within the defect region
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and far away from it (due to the AF coupling to
adjacent layers outside the defect region and FM
coupling near the defect). The width of a wall formed this way can be estimated exactly as that of
a usual 180°-degree walls in uniaxial materials
(lw ~ ,,~/K). The role of the uniaxial anisotropy
constant K in our situation plays the combination
of AF interlayer coupling constant Jaf and magnetic layer thickness dco: Keff = ]Jaf]/dco, so that
the wall thickness in our multilayer should be
lw ~ 2x/Adco/IJafl (a factor 2 arises due to 360 ° wall
instead of usual 180°-wall in uniaxial materials).
Substituting into the above estimate for the wall
width structural and magnetic parameters of our
multilayer (for concrete values of A, dco and J,t
see text after Eq. (1)) we obtain a wall width
lw ~ 20 nm which is in a very good agreement with
the numerically simulated magnetization pattern,
The drastic disagreement of this value with the
experimentally determined wall width lw ~ 150 nm
leads to the conclusion that 360 ° walls found on the
Lorentz microscopy images were formed via another mechanism than that proposed by us in Refs.
[5, 6]. The observation that domain walls detected
experimentally lie approximately perpendicular to
the applied field (see Fig. 4) is another hint that
a different mechanism is responsible for the formation of these walls. If the wall formation would be
governed only by the directions of defect lines then
the directions of corresponding domain walls
would be random due to random orientations of
linear defects. We suggest that the formation of the
ripple-like structures in our multilayers could also
be responsible for the initial stage of 360 ° domain
wall formation. Further studies of this question are
under way.
To complete our comparison with the experimental data, we have also performed numerical
simulations of the Lorentz microscopy images
which would be obtained during the remagnetization process from the multilayer regions near the
end of the defects where structures like those shown
in Fig. 3 could be formed. The Lorentz images were
calculated in a usual way, i.e., we assumed that (i) a
sample was irradiated with an electron beam with
a homogeneous intensity and the propagation direction perpendicular to the layer plane and
(ii) after passing the layer the Lorentz deviation
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angle of the beam behind the given sample point is
proportional to the net magnetization across the
layer at this point. The deviation angle per unit
magnetization and the distance between the layer
plane and the plane where the beam intensity was
registered were chosen to ensure the maximal contrast of the pictures presented below.

In such a model both in the saturated state (the
magnetization is homogeneous and hence the electron beam is deviated uniformly) and in the remanence state for a perfect AF coupled multilayer
(no external field, the net magnetization is zero, no
deviation of the electron beam at all) a uniformly
grey image would be observed. For a multilayer

Fig. 5. Simulated Lorentz microscopyimages of a magnetization structure occurringin a defect multilayer for various magnetic fields.
Corresponding points are marked on the hysteresis loop in Fig. 2 with the same letters as parts of this figure. External field is directed
perpendicular to the defect line.
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Fig. 6. The same as in Fig. 5 for the field direction parallel to the defect line.

containing a defect the inhomogeneous magnetization structure occurring around this defect during the remagnetization lead to complicate Lorentz
images shown for various stages of this process in
Figs. 5 and 6 for the external field lying in the layer
plane perpendicular (Fig. 5) and parallel (Fig. 6) to

the defect line. Note, that pictures obtained for 360'
domain wails lying approximately perpendicular to
the field direction (Fig. 6d) are in a qualitative
agreement with images observed experimentally
(Fig. 4): (i) pairs of thick black-white lines which
would result from the pair of 360' domain walls
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accompaining each defect and (ii) A-like structures
formed by these pairs which would occur near the
end of defects can be clearly seen.

4. Summary
We have extended the 2D model of a straight
infinitely long linear defect in AF coupled multilayers to 3D which allowed us to study the case of
a finite defect. The main differences to the previous
model are the formation of A-like domain wall
structures due to the pinning of domain walls near
the end of the defect and large reduction of the
annihilation field for such walls. The magnitude
of this annihilation field strongly depends on the
magnetic and geometric defect parameters. However, the wall width obtained in our model does
not depend on these parameters and is much
less than that observed experimentally. This leads
to the conclusion that even if structural defects
are responsible for the appearance of such walls,
the equilibrium parameters (width, magnetization
configuration, energy) are governed by another
mechanisms.
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