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Positive Domain Wall Resistance of 180� Néel Walls in Co Thin Films
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We measured the intrinsic domain wall resistance (DWR) of 180� Néel walls in a polycrystalline Co
thin film deposited on top of a patterned antiferromagnetic CoO template. After field cooling through the
CoO blocking temperature, exchange bias induces a spatially modulated coercivity of the Co film,
resulting in a periodic domain pattern with 180� Néel walls. The intrinsic DWR is determined
unambiguously by using rotating magnetic fields that result in a reversible creation and annihilation of
the Néel walls. In contrast with earlier reports, the DWR is positive and in agreement with models based
on the giant magnetoresistance mechanism. A reliable, quantitative determination of the DWR requires
careful numerical evaluation of the anisotropic magnetoresistance effect.
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The intrinsic effect of domain walls on the resistance of
ferromagnetic metals has been studied intensively during
recent years. Relying on the influence of shape anisotropy,
crystalline anisotropy or a combination of both to tailor the
ferromagnetic domain structure, domain wall resistance
(DWR) was identified in several ferromagnetic thin films.
The experiments led, however, to conflicting observations,
where domain walls either increase (positive DWR) or
decrease (negative DWR) the resistance. Bloch-like do-
main walls, where the magnetization inside the domain
wall rotates out of the plane determined by the magnetiza-
tion and the measuring current, were investigated in detail.
Positive DWR was observed in NiFe-Gd-NiFe trilayers [1],
epitaxial FePd nanostructures [2], hcp Co thin films [3],
and in the metallic perovskite SrRuO3 [4], while a negative
contribution was found in epitaxial Fe wires [5,6]. For the
case where the magnetization inside the domain wall ro-
tates in the film plane, i.e., for Néel walls, very few
observations exist. Unlike for a Bloch wall, it is not pos-
sible to avoid for a Néel wall the presence of an anisotropic
magnetoresistance (AMR) contribution by an appropriate
sample design. A quantitative assessment of the AMR
contribution is therefore essential when determining the
DWR of Néel walls. In previous measurements the resist-
ance of Néel-type domain walls was investigated in Co
zigzag wires [7] and in cross-shaped NiFe junctions [8].
Because of the different magnetic spin configuration of
these shape anisotropy induced domain walls when com-
pared to standard domain walls, a reliable quantitative
determination of the intrinsic domain wall resistance is
not possible.

In this Letter, we report on the successful creation of
well-defined 180� Néel domain walls in a continuous
ferromagnetic polycrystalline Co thin film by bringing
the Co in contact with a stripe pattern defined in an anti-
ferromagnetic, insulating CoO film. By applying a rotating
magnetic field we are able to reversibly create and remove
the Néel walls. This enables an unambiguous, quantitative
determination of the DWR of 180� Néel walls in a poly-
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crystalline Co film. We note a comparable method with
patterned exchange-spring bilayers was used before to
investigate DWR [9]. In these experiments, the parallel
electrical conduction in the two layers does, however, not
allow a quantitative analysis of the intrinsic DWR.

In previous experiments the direct experimental obser-
vation of DWR has been hindered by the various magne-
toresistance effects that are present in ferromagnetic
metals. Three magnetoresistance contributions have to be
considered: (i) the Lorentz magnetoresistance originating
from the deflection of the current lines inside magnetic
domains, (ii) the well-known anisotropic magnetoresis-
tance effect [10] originating from the spin-orbit coupling,
and (iii) the magnetoresistance effect linked to the wig-
gling of the current lines at the domain walls [11]. Because
of the polycrystalline character of our films, the mobility of
the electrons is rather low and the product of the cyclotron
frequency and the relaxation time !c� � 1. Therefore, the
Lorentz effect and the wiggling effect can be neglected,
since the time between two consecutive scattering events is
not sufficient to curve the trajectory of the electrons. For
the AMR effect, a reliable quantitative assessment of its
contribution to the measured resistance is possible, as
shown below.

Our method to control the creation of the domain walls
is based on the exchange bias effect [12] in CoO=Co
bilayers. Cooling such a bilayer below the Néel tempera-
ture of the antiferromagnetic CoO (TN � 290 K) in the
presence of a magnetic field results in a negative shift of
the hysteresis loop of the ferromagnetic Co. The biased Co
behaves as if it possesses a unidirectional anisotropy axis
along the cooling field direction. The loop shift is referred
to as the exchange bias field Heb. In CoO=Co thin film
systems Heb vanishes at the blocking temperature (TB),
which is below the Néel temperature. By locally biasing a
Co thin film, the coercive fields can be altered at specific
positions and domain structures can be imposed by the
application of well-defined magnetic fields.
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Local biasing is introduced in a continuous Co film
grown on top of a patterned CoO layer consisting of
2 �m wide stripes repeated with a 15 �m period. The
stripes are fabricated by a combination of UV lithography
and lift-off techniques. The CoO is formed by the in situ
oxidation (in a pure oxygen atmosphere of 10�3 mbar) of a
2 nm thick, sputtered Co film. The resulting CoO stripes
have a thickness of 3 to 4 nm. The deposition of the
continuous Co film on top of the stripes is performed by
molecular beam epitaxy. Since the exchange bias effect
nucleates at the interface between the ferromagnet and the
antiferromagnet, it is important to have a clean CoO sur-
face. To remove any contamination resulting from the lift-
off, the stripes are annealed at a temperature of 250 �C
before a 20 nm Co layer is deposited. Finally, the sample is
covered with a 3 nm Au capping layer to prevent oxidation.
Figure 1(a) shows a schematic drawing of the patterned
bilayer.

The properties of the patterned CoO=Co bilayer are
studied by magnetization measurements and four-point
magnetoresistance measurements. Magnetization loops at
low temperature are obtained with a vibrating sample
magnetometer. To measure the magnetoresistance, a
100 �m wide and 1 mm long four-terminal resistance
pattern containing 68 CoO stripes is dry etched in the
bilayer. By connecting the four-terminal pattern to an
Adler-Jackson bridge and using a lock-in amplifier, the
magnetoresistance can be determined with high sensitivity.
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FIG. 1 (color). (a) Schematic drawing of the patterned bilayer.
A continuous Co film is deposited on top of 2 �m wide CoO
stripes. After field cooling the Co film is locally exchange biased
and the stripe domain pattern can be created by reversing the
magnetic field. The color contrast and the dotted line in (b)
represent the changing magnetization direction with respect to
the current inside the Néel wall, which is obtained from micro-
magnetic simulations. The continuous line gives the correspond-
ing calculated AMR resistivity inside the wall.
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The ac measuring current has a frequency of 27.7 Hz, a
root-mean-square (rms) amplitude of 3:5 �A and is di-
rected perpendicular to the CoO stripes. The resistance of
the four-terminal pattern at 5 K is 29:7 �.

In order to create a stripe domain pattern, the sample is
field cooled below its blocking temperature (TB � 120 K)
in a direction parallel to the CoO stripes. The parts in
between the stripes (unbiased regions) act like a normal
Co thin film, while the parts on top of the stripes (biased
regions) feel an additional exchange bias field. In the
presence of a magnetic field, both the biased and unbiased
regions have a saturated magnetization and no domain
walls are present. Upon decreasing and reversing the field,
the unbiased regions reverse their magnetization first, cre-
ating magnetic domains separated by 180� domain walls
[see the arrows in Fig. 1(a)]. This domain configuration
remains stable until the magnetic field exceeds the ex-
change bias field of the biased regions and the complete
Co film is saturated in the opposite direction. Figure 2(a)
shows two consecutive magnetic hysteresis loops that are
measured after cooling to 5 K in a field of 400 mT parallel
FIG. 2. Magnetization (a) and magnetoresistance (b) at 5 K of
the patterned CoO=Co bilayer for two consecutive hysteresis
loops with the field parallel to the CoO stripes. The sample was
cooled from room temperature in a field of 400 mT parallel to the
stripes. The two-step behavior of the magnetization loop and the
smaller peaks in the magnetoresistance confirm the presence of
the stripe domain pattern.
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FIG. 3. Variation of the magnetoresistance (with respect to the
resistance R at 100 mT) when rotating a magnetic field with a
magnitude of 16.9 mT in the plane of the patterned CoO=Co. The
bottom and the top axis refer to the bottom and the top curve,
respectively. The labels (a)–(d) correspond to the diagrams in the
upper panels. The artificial stripe domain pattern is created at an
angle of 180� (c).
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to the CoO stripes. Identical field cooling conditions are
used for all measurements reported in this Letter. When
lowering the field, a clear two-step behavior becomes
visible in both loops, confirming the existence of the stripe
domain pattern. After the first step approximately 13% of
the magnetization remains to be reversed, in nice agree-
ment with the covering fraction 2=15 � 0:133 for the CoO
stripes. The reversal of the biased regions during the sec-
ond step takes place at different magnetic fields for the two
consecutive loops. This can be explained by the training
effect [13] in CoO=Co exchange bias systems. The first
reversal of a biased film occurs by domain wall nucleation
and domain wall motion, while all subsequent reversals are
dominated by spin rotation. Consequently, the coercive
field decreases after the first reversal. For positive fields
the biased and unbiased regions reverse almost
simultaneously.

Figure 2(b) shows the results for the corresponding
magnetoresistance. At negative fields both magnetoresis-
tance measurements show two distinctive peaks, while at
positive fields only one peak is present. The peaks originate
from the AMR effect, which is the dominating source of
magnetoresistance in ferromagnets. The AMR effect de-
pends on the angle between the current and the magneti-
zation and reaches a maximum resistivity k (minimum
resistivity ?) for a parallel (perpendicular) arrangement.
An increase in the resistance in Fig. 2(b) corresponds to a
deviation of the magnetization direction from the cooling
field direction, i.e., rotation of the magnetic moments. The
first peak at negative fields reflects the reversal of the
unbiased regions. When further decreasing the field, a
second smaller peak corresponds to the reversal of the
biased regions. In the second measurement the height of
this peak is enhanced because of the additional spin rota-
tion resulting from the training effect. These results show
that magnetoresistance measurements are a valuable alter-
native tool to distinguish between the different magnetiza-
tion reversal processes.

For both loops there exists a well-defined field region
between �10 and �20 mT where only the unbiased re-
gions are reversed, i.e., where the stripe domain pattern is
present. In principle, the resistance of the domain walls can
be determined by comparing the resistance in this field
region to the resistance in a field region where no domain
walls are present. However, it is very difficult to extract this
information because of an unknown mixing between the
AMR resistance and the DWR.

In our experiments, the DWR of the 180� domain walls
is determined with a rotating magnetic field as shown in
Fig. 3. The sample is field cooled and training is completed
by performing two consecutive loops. After applying a
saturating field of 100 mT in the cooling field direction,
the magnetic field is lowered to 16.9 mT. At this field value
the biased as well as the unbiased regions are still saturated
[Fig. 3(a)]. Because all the magnetic moments are perpen-
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dicular to the current, the corresponding AMR reaches a
minimum. Next, the magnetic field with constant magni-
tude is rotated over 360� in the plane of the film, while the
magnetoresistance is monitored. During the rotation the
field is sufficiently large to ensure a perfect alignment of
the magnetization of the unbiased regions with the external
field. In the biased regions, however, the exchange bias
field keeps the magnetization aligned within 20� along the
direction of the cooling field.

Combining the biased and the unbiased field response,
the following magnetization rotation cycle occurs.
Rotating from 0� to 90� [Fig. 3(b)], the magnetization in
between the stripes follows the magnetic field, causing a
gradual increase of the resistance, while the magnetization
direction of the biased regions does not change consider-
ably. When further rotating the field, the stripe domain
pattern is achieved at 180� [Fig. 3(c)]. The unbiased and
biased regions are aligned parallel and antiparallel to the
external field, respectively. Continuing the rotation, a state
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identical to the 90� state is found at 270� [Fig. 3(d)].
Finally, the loop is closed at 360� where the system returns
to its initial magnetic state.

An important advantage of this technique is that forma-
tion of the domain walls occurs in a very controlled way.
The reduced film thickness ensures that only the creation of
Néel walls is possible [14]. In addition, the rotation of
magnetic moments inside the domain walls is fixed by
the rotation direction of the external magnetic field. By
rotating the field anticlockwise, the walls at the right-hand
side of the CoO stripes will have a clockwise rotation,
while the left-hand side walls have an anticlockwise rota-
tion. Also, the domain walls retain their rotation direction
over the complete sample width; i.e., our technique makes
the controlled creation of Néel walls possible. In addition,
the presence of the Néel walls was confirmed by low
temperature magnetic force microscopy [15].

Our measurements reveal a clear difference in resistance
between the initial state and the antiparallel state, a differ-
ence that can be linked to the appearance of the domain
walls. Analyzing several measurements and taking into
account a total number of 136 domain walls, we find an
average resistance increase of 76:4� 0:7 �� per domain
wall. The question is then whether the observed resistance
increase is intrinsic for the domain walls or whether it can
be explained by the AMR effect present in our ferromag-
netic thin films. In contrast to Bloch walls, the angle
between the current and the magnetization cannot be
kept constant inside a Néel wall and part of the DWR
will be a result of the AMR effect. We developed a com-
putational model based on micromagnetic simulations [16]
to calculate the contribution of the AMR effect. This model
was successfully used before to simulate the AMR in
ferromagnetic ring structures [17], where it was possible
to reproduce the experimental results within a few percent
without the use of any free fitting parameters.

The stripe domain pattern can be reproduced by micro-
magnetic simulations for which we use a cell size of only
1 nm. The exchange bias effect is accounted for by adding
an additional internal magnetic field to the biased regions
of the ferromagnet. The additional internal field leads to an
asymmetry of the domain wall, but the simulations indicate
that this asymmetry is very small. The resulting color
contrast in Fig. 1(b) clearly reveals the presence of a
Néel wall in between the two regions of opposite magne-
tization. The width of the domain wall inferred from the
simulations is about 60 nm. The line profile in Fig. 1(b)
shows the calculated normalized AMR resistivity inside
the simulated Néel wall. Relying on this result, the total
resistance due to the AMR effect can be calculated from
the paramaters obtained from the reference film (k �

? � 8:75	 10�10 �m). We find that the AMR contri-
bution cannot exceed 44:5 �� for a single domain wall.
Correcting for the AMR effect and multiplying by the
width and the thickness of the resistance path, an intrinsic
01720
positive interface resistance of 6:4	 10�17 �m2 is found
for the Néel walls. This agrees with the results obtained for
continuous Co films containing 180� Bloch walls [3]. The
positive domain wall resistance of the Néel walls can be
explained by the model of Levy et al. [18], which relies on
the giant magnetoresistance mechanism. For uniform mag-
netization, one of the two spin channels has a much lower
resistivity and short circuits the other spin channel. A
change in the magnetization direction in a domain wall
leads to mixing of the two spin channels and results in an
increased resistivity. Our results can be explained assum-
ing a spin mixing coefficient of about 65, which is higher
than for ferromagnetic thin films in the absence of ex-
change bias [18].

In conclusion, we are able to induce 180� Néel walls in a
controllable and reversible way. The domain wall resist-
ance of such domain walls can be determined quantita-
tively and unambiguously. The wall resistance is positive
and can be understood in terms of the giant magnetoresis-
tance effect. Further investigations of the domain wall
resistance are under way for alternative antiferromagnetic
templates, enabling one to create different domain patterns.
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