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Abstract. Magnetostatic ferromagnetic coupling in magnetic tunnel junctions was selectively analyzed. We
have shown that in samples involving polycrystalline magnetic films, beyond the orange-peel coupling, an
important class of interaction is related to the dispersion fields associated to magnetic inhomogeneities.
These magnetization fluctuations were described in terms of magnetic roughness arising from the local
anisotropy fluctuations. Therefore, using roughness data extracted from atomic/ magnetic force microscopy
analysis, the amplitude and the variation with distance of the magnetostatic interactions were selectively
quantified.

PACS. 75.60.-d Domain effects, magnetization curves, and hysteresis – 73.43.Jn Tunneling –
73.40.Rw Metal-insulator-metal structures

The increasing implication of magnetic tunnel junctions
(MTJs) for spin electronic devices requires the under-
standing and the control of the magnetic properties of
their ferromagnetic (FM) electrodes. Beyond aspects con-
cerning the magnetism of ferromagnetic metal/insulator
interfaces in MTJs, an important parameter is the cou-
pling between the two electrodes of the MTJ. These in-
teractions between the magnetically hard (reference) and
the soft (detection) layer of the MTJ are of particular im-
portance as they influence the reversal characteristics of
the FM layers, and thus, the magnetoresistive response of
the tunnel device.

Several mechanisms can be implicated in the magnetic
coupling between two FM films separated by a thin in-
sulating layer. However, when assuming a continuous and
pinhole-free insulating layer, the direct FM coupling asso-
ciated to discontinuity of the insulator can be excluded.
Moreover, when the voltage dependent coupling induced
by the tunnelling of spin polarized electrons [1] is neg-
ligible, the most important class of interactions is mag-
netostatic. In this last category, two main contributions
have been identified. The first one is the antiferromag-
netic coupling related to the lateral flux closure of the
stray fields between the magnetic layers of the MTJ. It
becomes significant when reducing the lateral size of the
MTJ FM electrodes and increasing their aspect ratio [2].
The second contribution is related to stray fields induced
by magnetic charge accumulations in the junction’s ferro-
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magnetic layers and is usually associated to the roughness
of the interfaces, referred as the orange-peel effect [3,4].

The contribution of intrinsic charge accumulations
linked to the presence of magnetization inhomogeneities
like domain walls has recently been addressed [5] and
demagnetization of the hard magnetic layer of a tunnel
junction by sweeping domain walls in the soft magnetic
layer has been shown. However, in polycrystalline mag-
netic hard materials, a reciprocal situation can exist: the
local anisotropy fluctuations in the hard magnetic layer
act as an additional source of charge accumulations cre-
ated by magnetization fluctuations. Those fluctuations,
described in terms of magnetic roughness, are responsible
for coupling effects similar to the orange-peel. Moreover,
the range of these interactions can be significantly larger
than the one of the orange-peel. The main point of our pa-
per is that the effect of the magnetic roughness – related
coupling has to be always considered when discussing fer-
romagnetic coupling between active polycrystalline mag-
netic layers in multilayer systems, beyond the commonly
reported orange-peel.

Magnetic tunnel junctions, with lateral size superior to
10 µm to reduce the dipolar antiferromagnetic coupling
intensity, are elaborated in a complex stack [6]. First, a
Cr(1.6 nm)/Fe(6 nm)/Cu(30 nm) buffer layer is grown on
a Si(111) wafer. In the following, the 6 nm thick Fe layer
incorporated in this buffer tri-layer is referenced as the Fe
layer. On the top of the buffer, a magnetically hard subsys-
tem constituted by an antiferromagnetically coupled tri-
layer CoFe(1.8 nm)/Ru(0.8 nm)/CoFe(3 nm) is stacked.
This hard subsystem is separated by a 1–2 nm thick Al
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Fig. 1. (a) Minor magnetoresistance loop measured on a
CoFe/Ru/CoFe/AlOx/CoFe/Fe MTJ. Arrows illustrate the
magnetizations of the DL and of the hard subsystem layer in
contact with the tunnel barrier; (b) Minor magnetization loop
for a continuous film MTJ stack measured in two distinct sit-
uations: the hard CoFe/Ru/CoFe layer is in a remanent (-•-)
or a demagnetized (—) state.

oxide barrier from a CoFe(1 nm)/Fe(6 nm) magnetically
soft subsystem protected by a Cu(5 nm)/Cr(3 nm) bi-
layer. In the following, the CoFe(1 nm)/Fe(6 nm) bilayer
is referenced as detection layer or DL. Then, the hard
CoFe/Ru/CoFe subsystem is separated from the Fe layer
with a 30 nm thick Cu layer, and from the DL with a
1–2 nm thick Al oxide layer.

Analysis of cross-section transmission electron mi-
croscopy images as well as tunnel barrier mapping mea-
surements [7] revealed a good quality and continuous
insulating layer. Therefore the direct FM coupling is au-
tomatically excluded. However, tunnel magneto-transport
measurements show a net ferromagnetic coupling between
the hard CoFe/Ru/CoFe subsystem and the DL as illus-
trated by Figure 1a. In this measurement, only the switch-
ing of the DL is observed since spin polarised tunnelling is
sensitive to the magnetization alignement of the layers in
contact with the barrier. The sharp reversal corresponds
to the DL switching from the antiparallel to the parallel
configuration with respect to the hard layer net moment.
This reversal is completed at a field around 40 Oe. When
the DL switches from the parallel to the antiparallel con-
figuration, the reversal occurs in successive steps, sign of
wall blocking phenomena, and is completed only at fields
around 70 Oe leading to the appearance of a field bias
offset. This set of measurements has been performed for
bias voltage applied to the junction ranging from 5 to
100 mV. No variation of the coupling with dc bias was
detected. Moreover, the intensity of the coupling strength
was found to increase when decreasing the barrier thick-
ness or increasing the net magnetic moments of the junc-
tion’s ferromagnetic subsystems. Therefore we conclude
that the FM coupling in our system is purely magneto-
static.
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Fig. 2. (a) MFM image of the remanent state of the MTJ
hard CoFe/Ru/CoFe subsystem. Alternating black and white
stripes are directly associated to the magnetic dipoles, clearly
illustrated in Figure (b) (zoom of Fig. (a)). (c) Sketch in two di-
mensions, for the magnetization configuration, used to explain
the MFM contrast of Figure (a). The periodic array of dipoles
gives rise to parallel lines of successive positive and negative lo-
cal charge accumulations, responsible of repulsive respectively
attractive interactions with the MFM tip. The dipole associ-
ated stray field HD, going from the positive to the negative
charges is illustrated in (b).

More insight in the magnetostatic coupling origin in
our MTJs is given by the study of the magnetization re-
versal of the Fe layer in the buffer stack measured on con-
ventional magnetization loops. Therefore, in Figure 1b,
the reversals of both buffer Fe and DL layers are observed.
The buffer Fe layer is separated from the hard subsystem
by a 30 nm thick Cu layer. Therefore, for this layer typical
orange-peel magnetostatic coupling with the hard subsys-
tem should be insignificant and a direct RKKY coupling
across this thick Cu layer is also excluded. However, a
field offset of ∼5 Oe can be measured on the curve ob-
tained with the hard subsystem in a magnetic remanent
configuration (Fig. 1b, −•−). This field offset disappears
as soon as the hard subsystem is in a demagnetized state
(Fig. 1b, continuous line).

It appears then that one of the origins of the FM cou-
pling in our MTJ stack is dependent on the microscopic
magnetization state of the hard CoFe/Ru/CoFe subsys-
tem. We attribute this coupling to dispersion fields as-
sociated to magnetic inhomogeneities i.e. small angular
fluctuations of magnetization in the hard magnetic sys-
tem [8]. Their associated stray fields influence the local
field experienced by a ‘neighbor’ magnetic layer having a
direct impact on the layer’s magnetization reversal. In or-
der to quantify these interactions a model based on the
concept of ‘magnetic roughness’ (similar to the orange-
peel Neel model) was developed, as illustrated in Figure 2.
Figure 2a shows a magnetic force microscopy (MFM)
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Fig. 3. Model used to quantify the coupling field associated to a periodic arrangement of magnetic dipoles. The origin of
these dipoles is either the correlated topographical roughness (a) or the magnetic roughness (c). The full-line arrows depict the
in-plane magnetization configuration while the dotted-lines depict the associated stray fields HN and HD. Conventionally, the
fields go from positive to negative charges. The characteristic lengths, illustrated on these pictures, can be extracted from cross
sections taken on AFM (b) respectively MFM (d) pictures.

measurement performed in the remanent state of the hard
subsystem. The black (resp. white) contrasts correspond
to repulsive (resp. attractive) interactions of the tip with
the stray fields from the local charge accumulations de-
rived from the small angular fluctations of magnetization
inside the polycristalline layer. The presence of dipoles is
clearly confirmed in Figure 2b and in the remnant state,
all the dipoles are oriented in the same direction lead-
ing to the appearance of a sequence of white/dark stripes
(Fig. 2a). We sketched this magnetization configuration
in Figure 2c. Since the length of the dipoles is less or
equal to the length of the non horizontal arrows (equal to
the exchange length, Lex), the length of the dipoles and
the distance between them are not equivalent along the
applied field direction (horizontal lines). The stray fields
associated to all these dipoles add up and the resultant
field is not zero and oriented along the hard subsystem’s
net moment. It acts as a positive biasing field for the DL
and Fe magnetization reversal, and is equivalent to a FM
coupling which is observed in our junctions. We have val-
idated our model by demagnetizing the hard subsystem.
In this case, the magnetization of each dipole is randomly
oriented, resulting in a zero global stray field and no FM
coupling of the buffer Fe layer and the hard subsystem
(Fig. 1b, curve (—)).

In conclusion, either topographic or remanent mag-
netic roughnesses generate equivalent periodic arrays of
magnetic dipoles. The stray field associated to these
dipoles can be selectively quantified using data extracted
from AFM/MFM measurements. To estimate the coupling
field H, associated to each type of roughness, we used
the equation derivated previously for the orange-peel cou-
pling [3].

H =
π2

√
2

(
h2

λtF

)
Ms exp

(
−2π
√

2ts/λ
)
· (1)

Indeed, our assumption steams on a correlated rough-
ness configuration, for both topographical and magneti-
cal roughness patterns. This favors a net ferromagnetic
coupling. Alternatively, we mention that for the anti-
correlated situation a biquadratic coupling would be fa-
vored, as shown in previous theoretical works [4]. The an-
ticorellated configuration is not addressed here, as long as
the net coupling measured in our samples was long-range
ferromagnetic-like. The assumption of correlated rough-
ness, as illustrated in Figures 3a, c, is reasonable for both
topographical and magnetical roughness. Indeed, topolog-
ically, the correlation of the interfacial roughness in our
samples has been validated by cross-section transmission
electron microscopy analysis, as shown in our previous
work [8]. Moreover, as illustrated by Figure 3c, the mag-
netic roughness is also correlated by the ‘mirroring’ of the
dipole patterns in the hard (bottom) and the soft (top)
layers. Indeed, the dipolar fields associated to the mag-
netic dipoles in the hard layer modulate the magnetization
configuration in the soft layer. Therefore, correlated image
dipoles are generated in the soft layer (Fig. 3c, similarly
to the corresponding correlated roughness configuration,
illustrated in Fig. 3a).

The significance of each term is illustrated in Figure 3:
tF and ts represent the thickness of the soft respectively
insulating spacer layer; λT , λM the period of the topo-
graphic respectively magnetic roughness; h the amplitude
of roughness fluctuations. For the topographic roughness,
we used for h the peak to peak value evaluated from the
cross section AFM measurement. In the case of the mag-
netic roughness, h was correlated with the thickness of
the hard subsystem, where the magnetic fluctuations oc-
cur. Ms is the unit volume saturation magnetization for
the hard subsystem magnetic material.

The cross section in the AFM (Fig. 3b) and MFM
(Fig. 3d) images illustrate that roughly λM > 10λT .
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Fig. 4. Calculated stray fields originating from topographic
and magnetic roughnesses as a function of distance to the hard
CoFe/Ru/CoFe subsystem.

Therefore, as calculated using the equation (1) and il-
lustrated in Figure 4, the stray field originating from the
roughness induced charges vanishes exponentially at short
distance (4–6 nm) while the stray field associated to mag-
netic inhomogeneities has a much longer range. Indeed,
this stray field remains significant at a distance of 30 nm
(∼4 Oe) and in good agreement with the offset measured
for the Fe buffer layer (∼5 Oe from Fig. 1b). Therefore,
at long distance, the main magnetostatic interactions are
related to the magnetic roughness associated stray fields
while at short distance, the layers probe the contributions
of both orange-peel and magnetic roughness stray fields
simultaneously. The long distance magnetic roughness as-
sociated stray fields could however not be experimentally
varied. Indeed, the reduction of the Cu layer increases
the RKKY interaction between the buffer Fe layer and
the hard subsystem while an increase of the Cu layers in-
creases the buffer roughness and so changes the magnetic
properties of the hard subsystem. In the case of our MTJ,
we estimate for the DL spaced of about 1 nm from the
hard subsystem, an average orange-peel coupling of about
11 Oe while the magnetic roughness induced coupling was
estimated to about 8 Oe. Therefore, the estimated result-
ing coupling field acting on the DL (∼ 20 Oe) is in good
agreement with the measured offset field in the magneto-
transport curves (Fig. 1).

In conclusion, the reduction of magnetostatic coupling
interactions involved in MTJs covers two aspects. First,

the coupling associated to topographic roughness is a
short range coupling. It can be significantly reduced by
decreasing the interfacial roughness or increasing the in-
sulating barrier thickness. Up to now, it was the most
common solution invoked to reduce the electrode ferro-
magnetic coupling. However in polycrystalline materials
often used as hard magnetic electrodes, the spatial dis-
tribution of local anisotropies creates magnetic roughness
which gives rise to a long range magnetostatic coupling.
This coupling can be reduced using growth conditions of
the magnetic layers which stabilize an uniaxial magnetic
anisotropy. This innovative solution paves the way to fur-
ther reduce the electrode coupling when interfacial rough-
ness or insulating barrier thickness are pushed to their
limits.
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