
 

Asymmetric domain-wall depinning induced by Dzyaloshinskii-
Moriya Interaction
Citation for published version (APA):
Ummelen, F. C., Han, D. S., Kim, J. S., Swagten, H. J. M., & Koopmans, B. (2015). Asymmetric domain-wall
depinning induced by Dzyaloshinskii-Moriya Interaction. IEEE Transactions on Magnetics, 51(11), Article
7112473. https://doi.org/10.1109/TMAG.2015.2437453

Document license:
TAVERNE

DOI:
10.1109/TMAG.2015.2437453

Document status and date:
Published: 01/11/2015

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 05. Oct. 2023

https://doi.org/10.1109/TMAG.2015.2437453
https://doi.org/10.1109/TMAG.2015.2437453
https://research.tue.nl/en/publications/da40f469-705e-4df5-b646-5cfe23cb4039


IEEE TRANSACTIONS ON MAGNETICS, VOL. 51, NO. 11, NOVEMBER 2015 6000703

Asymmetric Domain-Wall Depinning Induced by
Dzyaloshinskii–Moriya Interaction

F. C. Ummelen, D.-S. Han, J.-S. Kim, H. J. M. Swagten, and B. Koopmans

Center for NanoMaterials, Department of Applied Physics, COBRA Research Institute,
Eindhoven University of Technology, Eindhoven 5600MB, The Netherlands

Dzyaloshinskii–Moriya interaction (DMI) is currently the focus point of many research efforts in the spintronics community. It
is possible that applications and fundamental new physics motivate us to understand, measure, and manipulate this interaction.
Using an elegant, alternative approach, we show that by depinning a domain wall from an anisotropy barrier in perpendicular
magnetic anisotropy nanowires in the presence of a static in-plane field, the presence of DMI can be detected. This is experimentally
demonstrated, and the clear effects are observed even though a sample with small DMI is used. The technique presented could be
used to obtain both the sign of the DMI constant and its quantitative value.

Index Terms— Co/Pt multilayers, interface phenomena, magnetic materials, perpendicular magnetic anisotropy, sputtering.

I. INTRODUCTION

DZYALOSHINSKII–Moriya interaction (DMI) is relevant
for spintronics in several ways. By the stabilization of

a Néel-type domain wall, it enables domain-wall motion at
higher velocities, which could improve the so-called racetrack
memory [1], [2]. Moreover, it was recently observed that
in systems with strong DMI, a novel type of spin structure
can form; the magnetic skyrmion [3]–[5]. These vortex-like
structures can be extremely small, stable, and movable by low
current densities, and are expected to be the building block
for the next generation of memory devices [6], [7].

Recently, various techniques to measure DMI have been
explored: 1) the already mentioned effect of in-plane external
fields on domain-wall motion; 2) influencing domain
nucleation with in-plane fields [8]; 3) Brillouin light
scattering [9]–[11]; and 4) scanning nanomagnetometry [12].
In all these studies, the emphasis lies on structures with strong
DMI, which is understandable as this is desirable with respect
to applications involving skyrmions. However, in experiments
regarding the asymmetric magnetic bubble expansion under
the influence of in-plane magnetic fields [13], it becomes clear
that also a small DMI can have a large impact on the behavior
of the system. However, these bubbles can take exotic shapes
and modeling them correctly; therefore, deducing a reliable
DMI value remains a challenge [14].

In this paper, we will show that the depinning of domain
walls from an anisotropy barrier can be influenced by applying
an in-plane magnetic field, and that, this influence differs
for the top–bottom and bottom–top domain walls. This does
not only prove the presence of DMI in our system with low
asymmetry but also is a nice example of how even a small DMI
can have a significant effect in devices. We present a plausible
intuitive interpretation of the observations, and discuss how
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Fig. 1. Schematic of the top view of a magnetic nanostrip with PMA. The
middle part with reduced anisotropy (K2 < K1), and the regions where the
anisotropy transition occurs (which is assumed to occur in a linear way),
indicated with δ, and the definition of the in-plane angle φ is shown. In the
presence of DMI and an in-plane field, the energy landscape is different for
the top–bottom and bottom–top domain wall.

a quantitative value for the DMI can be obtained using our
experimental technique.

II. DMI AND DEPINNING

We study microstrips with perpendicular magnetic
anisotropy, which contain a middle region with a reduced
anisotropy (for the experimental realization of such a system,
see Section III). Fig. 1 shows a cartoon of the situation.
Sweeping a perpendicular field can result in a situation
where the region with reduced anisotropy has an opposite
magnetization from the rest of the strip. The in-plane angle φ
(see Fig. 1) is expected to be ±π/2 (corresponding to a Bloch
wall), which follows from magnetostatics [15]. The width of
the domain walls is determined by a competition between
anisotropy and exchange and corresponds to a domain-wall
energy of 4

√
AK . Therefore, the anisotropy boundaries pose

an energy barrier and the domain walls are pinned [16]. The
height of the energy barrier determines the strength of the
perpendicular field that is required to depin the domain wall.

Now, we take the effect of a DMI into account. We assume
that the DMI is negligible in the area with reduced anisotropy;
in the structures we use, DMI is induced at the interfaces,

0018-9464 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 2. Kerr microscopy image of five typical 1 μm × 10 μm Pt/Co/Pt
nanowires. (a) After saturation, a magnetic field is applied in the z-direction
and the magnetization in the middle region of each strip is switched because
of the lower anisotropy here. In each strip, two domain walls are created and
pinned at the anisotropy barrier. (b) In-plane field in the x-direction affects
the two domain walls in the same strip differently. It can be seen that the
lower domain walls have already depinned and propagated through the rest
of the strip, while the top domain walls are still pinned. The definition of the
axes is included in the lower right corner.

and the reduction of anisotropy is caused by a reduction of the
interface quality (note that this not verified experimentally yet,
and this assumption is further discussed in Section IV). DMI is
a chiral interaction which favors Néel walls (φ = 0 ∨ φ = π),
so the domain walls will take this configuration (or an
intermediate form between the Bloch and Néel configuration,
depending on the strength of the DMI) when they enter
the pristine regions. However, the favoured in-plane angle is
opposite for the two domain walls in our system. The height
of the energy barrier at the anisotropy step is still the same for
both domain walls. Adding an in-plane magnetic field along
the strip lifts this degeneracy, for in the one case, the field
and DMI favor the same in-plane domain wall angle, while
in the other case, they favor the opposite one. As a result,
there will be a difference in how easily the energy barrier is
overcome, i.e., there will be a difference in depinning field.
This is a measurable quantity, and will be the focus point of
the experimental results that will be presented.

III. EXPERIMENTAL RESULTS

For this paper, we prepared magnetic strips with a lateral
dimension of 1 μm patterned on a silicon wafer using a
typical e-beam lithography and liftoff process. The patterned
strips were deposited using dc magnetron sputtering with the
following structure: Ta (5 nm)/Pt (4 nm)/Co (0.6 nm)/
Pt (4 nm), which is expected to have a certain DMI value [13].
A region with reduced perpendicular magnetic anisotropy is
created in the middle of the strips by irradiation with highly
energetic Ga+ ions, similar to the samples used in [17].
In Fig. 2, an image of five typical strips is shown, with
the Ga+ irradiated area (Ga+) and the two nonirradiated
regions (I and II) indicated. In the magnetically
soft region, a domain with opposite magnetization is nucleated

Fig. 3. Typical hysteresis loops obtained in region I and region II of a
microstrip with an external in-plane field of (a) 39 mT and (b) −39 mT.

by an external perpendicular field Hz , and two domain
walls are created and pinned at the edge of the irradiation
boundaries, which is the situation shown in Fig. 2(a). When
the perpendicular field Hz is increased, at a critical field,
i.e., depinning field Hdepin, the domain walls are depinned
from the irradiation boundaries and propagate toward the
ends of strips. Measurements are performed using polar Kerr
microscopy and a homebuild 3-D magnet, which can apply
fields up to 40 mT. Fig. 2(b) shows the contrasting behavior
of two domain walls that occurs when in-plane fields are
applied along the strips (in the x-direction). For all strips, the
bottom part is switched at a certain Hz , while the domain
wall in the top region remains pinned. When Hz is increased
further, eventually the top domain walls depin as well. Now,
Hz is swept in the other direction; when negative values are
reached, the Ga+ irradiated region again switches first, but
now the top parts of the strips switch first, while the bottom
domain walls stay pinned.

To obtain more quantitative data about this phenomenon, we
perform measurements of two hysteresis loops (the magnetic
field is swept along the out-of-plane direction) per nanostrip;
one for region I, and one for region II. The switch in the
hysteresis loops corresponds to the depinning of the domain
wall from the anisotropy barrier. This routine is repeated for
various strengths of a static in-plane magnetic field, Hx applied
along the length of the strips. Typical results are shown
in Fig. 3(a), where it can be seen that the loop obtained in
region I is shifted with respect to the loop obtained in region II.
This means that when the z-field is swept from negative to
positive, the domain wall at region II is the first to depin,
while when the z-field is swept from positive to negative, the
domain wall at region I is the first to depin. In Fig. 3(b), the
results obtained with the in-plane field in the opposite direction
are shown, and it can be clearly seen that the loops for region I
and region II are now shifted in the opposite direction.

We further plotted the difference in depinning field,
�Hdepin, between region I and region II domain walls
versus Hx . The �Hdepin shows an almost linear dependence
on Hx (see Fig. 4). This behavior is consistent with the
interpretation in Section II. The larger the in-plane field,
the larger the degeneracy so a larger difference in depinning
field is expected. The results were reproducible for different
samples.

IV. DISCUSSION

The experimental findings correspond well to the
interpretation given in Section II. The energy landscape
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Fig. 4. �Hdepin (the difference between the depinning fields for region I
and region II) as a function of the static magnetic field in the x-direction for
a typical sample. Each point represents an average over ten microstrips.

should be symmetrical in the absence of an in-plane field,
and we indeed see that there is no shift at zero-field. From
the model, we would expect that the asymmetry in depinning
field is proportional to the in-plane field, up to the field
strength that is equal to the DMI field [18]. At this field, the
shift versus in-plane field curves are expected to saturate.
This is not observed, indicating that the DMI field is larger
than 40 mT. Measurements with a modified setup that can
reach fields up to 300 mT are in progress. This saturation
field gives a quantitative value for the difference in DMI
between the irradiated and nonirradiated regions. If the DMI
in the irradiated region vanishes completely, this means that
both the sign and the strength of the DMI in the structure
as deposited can be determined. However, the vanishing of
DMI by ion irradiation that is assumed here is not trivial; it
is possible that the two interfaces of the magnetic layer are
influenced in a different way, resulting in an asymmetry [19].
Further experiments to determine whether this assumption is
justified are ongoing.

An electromagnet is used to apply the external in-plane
field during the measurements. We note that a possible out-of-
plane leakage field from the in-plane magnet cannot explain
our observations. Such a leakage field would indeed shift the
hysteresis loops, but the shift would be the same for region I
and region II of the wires. Because we look at the difference
in depinning field between the top and the bottom domain
wall, we are not susceptible to this experimental error. Another
consideration is that the depinning fields do not have to be
identical for all domain walls for they depend on random local
irregularities that can cause additional pinning. The fact that
all bottom domain walls have a lower depinning field than the
top domain walls in Fig. 2 could be explained by asymmetry
of the ion irradiation process. However, this cannot explain the
in-plane field dependence; when the in-plane field is reversed,
the bottom domain walls have a higher depinning field than
the top ones. This makes us confident that the observed effect
should indeed be explained by a combination of the in-plane
field and the presence of DMI.

V. CONCLUSION

We observe that in-plane magnetic fields affect the
depinning field of a top–bottom and bottom–top domain wall
in our sample stacks in the opposite way. An explanation is
that the DMI field for the one domain wall is parallel to the
applied field, and in the other case antiparallel, resulting in
a different energy barrier at the anisotropy transition. The
in-plane field at which the difference between the top–bottom
and bottom-top domain wall sizes to increase is equal to
the DMI field, providing an easy method to determine the
DMI constant, even in the case of small DMI.
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