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Domain-Wall Induced Coupling between Ferromagnetic Layers
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The remanent magnetization of a hard ferromagnetic CoPtCr layer is progressively decreased by re-
peated switching of a neighboring soft magnetic layer. We show that this effect depends strongly on the
thickness of the CoPtCr layer and the spacing between the hard and soft layers. We propose a model

that accounts for these results:

An interlayer magnetostatic coupling is induced by large stray fields

from domain walls that form within the soft layer during its magnetization reversal.

PACS numbers: 75.70.Cn, 75.50.Ss, 85.70.Kh

Since the discovery of giant magnetoresistance in
magnetic multilayers [1] and the emergence of mag-
netoelectronic devices, the study of indirect coupling
between magnetic layers through a nonmagnetic spacer
material has become an especially important issue. For
metallic spacer layers, oscillatory interlayer exchange
coupling has been observed experimentally for a wide
range of materials [2] and addressed theoretically ([3],
and references therein). For insulating spacer materi-
as, a weak interlayer exchange interaction has been
reported for only a few special cases [4]. However,
in general, for both metallic and insulating spacers,
magnetic layers may be coupled through magnetostatic
interactions.

In this Letter, we address the influence of an unusua
magnetostatic coupling, associated with the presence of
domain walls (DW), on the stability of magnetic tunnel
junctions (MTJ). The simplest structure of aMTJinvolves
two ferromagnetic (FM) layers separated by athin insulat-
ing barrier. Depending on the relative orientation of the
magnetization of the two FM layers, the tunneling proba-
bility of the electronsis either high (parallel orientation) or
low (antiparallel orientation). Thisgivesrisetolow or high
resistance values, respectively. In order to obtain magneti-
cally stable MTJs, the magnetization of one FM layer must
remain unchanged when the moment of the second layer is
changed. This can be achieved by using a high coercivity
or “hard” FM material.

The predominant interactions between the magnetic lay-
ersof aMTJare magnetostatic, assuming the tunnel barrier
is pinhole free. For devices of submicron lateral dimen-
sions, the stray fields at the edges of the device give rise
to significant coupling [5]. Roughness of the FM/spacer
interfaces also results in magnetostatic coupling [6]. In
the case of uniformly magnetized films, only these two
mechanisms are present. However, nonuniform magneti-
zation distribution in one of the layers (such as a domain
wall or avortex) also induceslocal stray fieldswhich could
give rise to a coupling between the layers. Indeed, the ef-
fect of stray fields from a domain wall in one FM film
lowering the nucleation field in a second film was noted
much earlier [7].
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In a previous study of MTJs [8] it was found that re-
peated switching of the soft layer’s magnetization by field
cycling could demagnetize the hard magnetic layer, even
though the cycling field was much too small to have any
direct effect. This phenomenon was not observed if the
magnetization was reversed in a rotating field, suggesting
an important role of domain walls nucleated in the soft
layer during its switching. Here we show, first, that this
phenomenon is observed in magnetic trilayers with either
metallic or insulating spacer layers, and second, that the
stability of the hard layer is sensitive, in particular, to the
thickness of the hard layer, and to the spacing between
these magnetic layers. These results can be explained by a
model in which stray fields are generated by Néel-like do-
main walls sweeping through the free layer during reversal
of its moment.

Magnetic trilayers, comprised of a hard magnetic layer
of CoPtCr (Coys5Pt;2Cri3), a nonmagnetic spacer, and a
soft layer of Co or FeNi (FesoNisy) were grown by dc
magnetron sputtering in 1073 Torr Ar on Si/SIO, wafers
[8]. These latter FM materials were chosen because they
have similar saturation magnetization values, while their
anisotropy and exchange stiffness are significantly differ-
ent. The spacer was either made of Al or Al,O; (obtained
by plasma oxidation of an Al layer). Inall cases, the spacer
was thick enough to avoid the possibility of electronic cou-
pling and/or direct coupling through pinholes. Since the
Al,O; thickness is not precisely known, the spacer thick-
ness is aways given as the Al thickness (actual alumina
thickness is about 30% larger than this nominal value).

The hysteresis loop of atypical sample is shown in the
inset of Fig. 1. The hard CoPtCr and soft Co layers have
very different switching fields, namely about 1.5 kOe and
<100 Oe, respectively. Thus, by cycling the applied field
through about +200 Oe, the magnetization of the Co layer
can be switched back and forth, but these fields are too
small to themselves modify the magnetic state of the hard
layer. However, as shown in Fig. 1, and as previously
found for similar MTJ structures [8], the remanent mag-
netization of the hard layer decreases progressively with
increasing numbers of cycles of the soft layer moment.
The demagnetization curve is well described (see Fig. 1)
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FIG. 1. Remanent magnetization of the hard CoPtCr layer in a
CoPtCr/Al ,03/Co trilayer as a function of the number of times
the free layer moment is cycled in a field of =200 Oe. The
curve through the data is a fit to a stretched exponential law.
The inset shows the hysteresis loop of atypical trilayer.

by astretched exponential law, M /M, = exp[—(N/Ny)?],
where M, istheinitial remanent magnetization and Ny isa
characteristic number of cycles and the exponent 8 ranges
between 0.2 and 0.4. Interestingly, this variation is typical
of the slow relaxation of disordered systems such as spin
glasses [9]. It has also been found recently to describe the
creep of domain wallsin a perpendicularly magnetized Co
film [10].

The decay rate depends strongly on the thicknesses of
the hard FM layer and the spacer layer. This decay may
be characterized by the parameter N, ,, defined such that
M = % M,. Figure 2(a) shows that N/, increases expo-
nentially with the thickness of CoPtCr for free layers of
both Co and FeNi. Indeed, increasing the thickness of
the hard layer from 5 to 40 nm improves its stability by
~6 orders of magnitude. The variation is greater for free
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FIG. 2. Stability of the CoPtCr layer in a CoPtCr/spacer/FM
trilayer as a function of (&) the CoPtCr thickness for samples
with 1.2 nm thick Al,O3 spacer layers and (b) the Al spacer
layer thickness for samples with 5 nm thick CoPtCr layers. The
free layer is 15 nm thick in all cases. Dashed lines are fits to an
exponential law.

layers of FeNi than for Co. A similar exponential depen-
dence of N/, on the Al spacer thickness is also found as
shown in Fig. 2(b).

Magnetic stray fields from a DW can be calculated from
the gradient of the magnetic potential «(¥). For the thin
Co films considered here, domain walls are likely to be of
the Néel type in which the magnetization rotates within the
plane of thefilm. Thus, thereisno surface charge and g(?)
depends only on the divergence of the magnetization M(7)
[11]. Following the model of Dietze and Thomas described
in[12], we consider alinear domain wall with asingle seg-
ment, which isinfinitely long in the y direction. The mag-
netization varies only along the x direction perpendicular
to the wall (see the inset to Fig. 3 for a schematic view
of the geometry used in the model) and the only contribu-
tion to the magnetic potentia is given by the component
M, perpendicular to the DW. M, is approximated by a
Lorentzian curve, M, (x)/M,; = ¢*/(x> + ¢*), where g is
awall width parameter and My is the saturation magneti-
zation. The DW width parameter ¢ is calculated by min-
imizing the total energy including exchange, anisotropy,
and magnetostatic terms [12]. For cobalt, the saturation
magnetization Mg = 1414 emu/cm?, the anisotropy con-
stant K = 4.0 X 10° ergs/cm?, and the exchange stiff-
ness A = 1.55 X 107° ergs/cm. For a film thickness of
15 nm, the DW parameter is ¢ = 6.7 nm. This width
is thickness dependent, and it increases with the film’'s
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FIG. 3. Dependence of the maximum in-plane domain-wall
stray field as a function of the wall-width parameter ¢. The
top inset shows the variation in the direction perpendicular to
the wall, for different values of ¢: ¢ = 1 (O), 5 (O), 10 (<),
and 50 nm (A). The bottom inset shows a cartoon of the
geometry used in the calculations.
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thickness. Note that even though the Co films are poly-
crystalline, their grain sizeis larger than the DW width, so
that bulk anisotropy and exchange constants used in these
calculations are a reasonable approximation.

For a Néel wall with a single segment, the stray field
has only two components, H, (in-plane perpendicular to
the DW) and H, (out of plane). However, for the thin film
geometry considered here, the magnetization lies in-plane
due to the shape anisotropy so that out-of-plane fields
should be less important. Thus we consider only the
in-plane component here. The stray fields reach high val-
ues, H, isaslarge as 6 kOe at the surface of the film. Al-
though H, decreases rapidly with increasing height above
the film, it is still about 1 kOe as far as 20 nm above the
DW. Thestray fields are very sensitive to the DW width as
shown in Fig. 3 for stray fields calculated 1 nm above the
surface of a 15 nm thick film with Mg = 1414 emu/cm?.
H, increases with wall width to amaximumfor ¢ ~ 7 nm,
and then decreases slowly for broader walls. The inset
to Fig. 3 shows how H, decreases in the direction per-
pendicular to the wall, for different values of the wall
width parameter (¢ = 1, 5, 10, and 20 nm). Note that
the DW stray field strength is proportional to the satura-
tion magnetization of the FM layer, and, for a given wall
width, the field increases as a function of the thickness of
the film.

It should be emphasized that this model is probably too
simple to account for the details of the local demagnetiza-
tion processes in the CoPtCr film. For example, the DW
structureislikely much more complex than the simple Néel
wall considered above. However, this model does give a
good description of the main features of the demagnetiza-
tion mechanism. The magnitudes of the DW stray fields
calculated above are much larger than the coercive fields of
the CoPtCr layers, thus confirming the proposal that they
may be important with regard to the demagnetization of
the CoPtCr layer on cycling the soft layer moment. More-
over, the stray fields are found to decrease rapidly with
increasing distance from the DW. Thus, when the spacer
thicknessis increased, the average field acting on the hard
layer will decrease so improving its stability as observed.
The same explanation accounts for the improved stability
of thicker hard layers. The model also accounts for the ef-
fect of different soft layers. In particular, although the satu-
ration magnetization of FexNis (Mg = 1360 ergs/cm?)
isonly slightly smaller than that of Co itsanisotropy issig-
nificantly smaller (10* ergs/cm?). Depending on the ex-
change stiffness of FeNi, the calculated wall half-width ¢
ranges between ~30 and ~60 nm, much larger than that
in Co. Asshown in Fig. 3, the wall stray fields are thus
reduced compared to that of Co, implying a greater stabil-
ity for the hard layer as observed.

Quantitative comparison between the experimental re-
sults and the model requires the structure of the CoPtCr
layer to be considered in more detail. Indeed, sputtered
CoPtCr has a granular structure, with a grain size of about
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10—-20 nm [13], in which each grain behaves as a single
magnetic domain. Thus, the DW stray fields acting on
the CoPtCr layer must be averaged over the volume of
these grains. As an approximation we consider an effec-
tive DW field Hpw by averaging over a prismatic volume
20 nm wide and as thick as the CoPtCr layer (averaging
over 10 nm grain size leads to similar conclusions). Since
the stray fields decrease over alength scale comparable to
the wall width (see Fig. 3), Hpw is significantly reduced
compared to the maximum value reached locally. InFig. 4,
Hpw is calculated for the parameters corresponding to the
two sets of samples shown in Fig. 2 with Co free layers.
The x axisrepresents either the hard layer ((J) or the spacer
layer thickness (O). Hpw rangesbetween 0.6 and 3.7 kOe.
These values are only about 60% of the maximum local
field calculated for the same set of parameters, because of
the averaging over the grain size.

It isinteresting to plot the stability parameter N/, as a
function of areduced field, Hpw/H., theratio of the effec-
tivefield acting on the hard layer magnetic grains scaled by
the coercivefield of thehard layer H.., asshownintheinset
to Fig. 4. The data for both sets of samples of Fig. 2 with
Co free layers rescale to a single master curve. Moreover,
the master curve exhibits two asymptotic regimes, with a
crossover a Hpw ~ H.. For Hpw > H., N,/ depends
weakly on Hpw. Onthe contrary, when Hpw < H,, N1/
has a much stronger dependence on Hpw. This behavior
reflects the magnetic properties of the CoPtCr layer. Note
that the CoPtCr moment switches over a broad field range
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FIG. 4. Calculated effective domain wall stray fields averaged
over the volume of a typical grain within the CoPtCr layer in
CoPtCr/Al or Al,O;/Co trilayers corresponding to the samples
of Fig. 2 plotted versus CoPtCr thickness ((J) or the Al,O; layer
thickness (O). Theinset isaplot of the stability parameter N/,
as a function of the reduced domain wall stray field Hpw/Hc
for al three sets of samples of Fig. 2 (Hl corresponds to samples
with FeNi free layers). Note that the sign of Hpw depends on
the chirality of the DW.
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(see, for example, the inset to Fig. 1) and H, reflects only
the average switching field of the granular film. Thus,when
Hpw > H., most of the grains may be switched directly
by the stray field of the DWs sweeping in the soft layer.
Even if Hpw is increased further, the overall demagneti-
zation rate is not expected to change very much. On the
contrary, when Hpw < H,., only a small fraction of the
grains can be switched directly by the DW fields. The re-
versal of the main part of the sample may occur only when
Hpw isaided by magnetostatic interactions within the hard
layer. Thus, the stability strongly increases when Hpyw de-
creases, as the fraction of grains which switches directly is
reduced. This pictureis supported by micromagnetic simu-
lations [14] and magnetic microscopy studies [15], which
suggest a demagnetization schemein two stages. Reversed
clusters of grains are nucleated during the first few cycles.
Then these clusters owly grow when the number of field
cycles increases. A similar mechanism has aso been re-
ported in a single CoPtCr layer under the perturbation of
aMFM tip [16].

In principle, the set of data obtained for the FeNi free
layer in Fig. 2 should also scale onto the master curve.
However, Hpw depends strongly on the DW width. While
both sets of samples with Co free layers have similar DW
widths, the DW width of FeNi isdifferent and is not known
precisely. Thus we have chosen to use it as a parameter,
so asto rescale this third set of data onto the master curve
(Fig. 4, inset). A good scaling is found for ¢ ~ 55 nm,
which is a reasonable value for this material as discussed
above.

Finally, we address another interesting experimental fea-
ture of these hard/soft trilayers, namely a slight increase of
the coercive field of the free layer which is observed as the
hard layer is progressively demagnetized. For both Co and
FeNi free layers, the coercive field increases by about 10%
from ~54 to 60 Oe. This may be connected to the recipro-
cal effect of the stray fields from the domain walls present
in the hard layer once it is demagnetized. These fields are
much smaller than those calculated above from the DWs
in the free layer because of the lower M, and narrower
DWs of CoPtCr. Moreover, they must be randomly ori-
ented, since the magnetization of the CoPtCr grains point
inall directionsin the demagnetized state. We propose that
this effect may be accounted for within the framework of
arandom field acting on the free layer, in analogy to that
proposed by Zhang et al. to account for the increased co-
ercivity of exchange biased FM layers [17]. The externa
field needed to move domain walls in the free layer must
be increased to overcome statistical fluctuations of the lo-
cal stray fields from the CoPtCr DWs.

In summary, a simple model is developed to provide
for a quantitative mechanism of the demagnetization of a
hard ferromagnetic layer induced by cycling the moment
of a neighboring soft ferromagnetic layer. It is shown that
domain walls sweeping through the soft layer during its
reversal generate stray fields which may locally reach an
intensity as high as a few kOe. These fields progressively
demagnetize the hard layer. The dependence of the rate of
demagnetization on the thickness of the hard and soft lay-
ers and the separation of these layers can be well described
within this model using reasonable magnetic parameters
for the ferromagnetic layers.
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