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Abstract

Full-field magnetic transmission x-ray microscopy at high spatial resolution down to 20 nm is
used to directly observe field-driven domain wall motion in notch-patterned permalloy
nanowires. The depinning process of a domain wall around a notch exhibits a stochastic nature
in most nanowires. The stochasticity of the domain wall depinning sensitively depends on the
geometry of the nanowire such as the wire thickness, the wire width, and the notch depth. We
propose an optimized design of the nanowire for deterministic domain wall depinning field at

a notch.

(Some figures in this article are in colour only in the electronic version)

The propagation of magnetic domain walls (DWs) in
nanowires is not only scientifically a very interesting
topic, but also provides the basic concept for the novel
magnetic memory and logic devices that have been proposed
recently [1-3]. So far, many efforts have been dedicated
to the study of current- and field-driven DW dynamics
in magnetic wires to investigate the DW speed and the
effective current and field to move a DW [2, 4]. In
addition, numerous experimental studies focused on the DW
pinning and depinning processes in geometrically designed
magnetic structures such as ring- and L-shaped nanowires (5,
6]. Imaging techniques, e.g. magnetic transmission x-ray
microscopy (MTXM), optical Kerr microscopies, scanning
electron microscopy with polarization analysis (SEMPA), and
electron holography have been extensively used to directly
observe the detailed behavior of DWs and their internal
structures in magnetic materials [7-10].

For the realization of DW-based devices it is essential
to fully control the motion of a DW along a nanowire. Any
non-deterministic DW behavior could potentially compromise
the reliability of DW applications [4, 8]. Generally, a local
control of the DW propagation is achieved by introducing
artificial constrictions such as notches or anti-notches in

nanowires [6, 8, 11-13]. They act as pinning sites for the
DW at specific locations due to their higher pinning potential
compared to intrinsic pinning sites such as defects, which
are mostly randomly distributed [7, 14]. Although many
experimental studies have been devoted to the study of DW
dynamics around an artificial constriction in a magnetic
nanowire [6, 1 1-17], there is very little experimental evidence
of the statistical behavior of the DW pinning and depinning
based on sufficient statistics [8, 18-20]. Thus, the question
of how a deterministic DW process can be achieved through
geometric modifications is still unsolved.

Here, we report the direct observation of the statistical
nature of DW depinning in notch-patterned permalloy (Py,
NiggFey0) nanowires with various wire widths (w), film
thicknesses (¢), and notch depths (Nq). We demonstrate that
an optimized geometry of the magnetic nanowire provides a
deterministic DW depinning field in the vicinity of a notch.

We used magnetic full-field transmission soft x-ray
microscopy (MTXM) at BL 6.1.2 at the Advanced Light
Source in Berkeley, CA [21] to observe DW evolution patterns
in nanowires. MTXM enables element specific imaging by
selecting characteristic photon energies corresponding e.g. to
Fe L3 (706 eV), Co L3 (778 €V), or Ni L3 (854 eV)



absorption edges. Here, the magnetic imaging in Py nanowires
was performed at the Fe L3 absorption edge. Magnetic
contrast is provided by x-ray magnetic circular dichroism
(XMCD), using the dependence of the x-ray absorption
coefficients on the orientation between magnetization and
photon helicity [22]. Py nanowires with varying wire width
(w = 250, 450, and 550 nm), film thickness (¢ = 30 and
50 nm), and notch depth (Ng ~ 0.15w, 0.3w, and 0.6w)
were prepared on 100 nm thick silicon-nitride membranes by
electron-beam lithography and lift-off processing. To protect
the structures from oxidation, they were capped by a 2 nm
aluminum layer.

Figure 1(a) shows a representative TXM image of a
Py nanowire. The elliptical pad is used for DW nucleation
and the triangular notch serves as a pinning site. To image
the in-plane configuration, the nanowires are mounted at a
30° angle between the sample’s surface normal and the x-ray
propagation direction. An external magnetic field applied
parallel to the sample plane triggers the DW propagation
along the wire. Typical field-driven DW evolution patterns
measured by MTXM in a 50 nm thick wire with a width of
w = 450 nm and a notch depth of Ng ~ 0.3w are shown in
figure 1(b). The wires were saturated by an external magnetic
field (~100 mT) in the positive x-direction as indicated by
the arrow in figure 1(b), and then images were recorded as
the external field was successively reduced from saturation in
the negative x-direction in steps of 0.5 mT. For eliminating
structural contrast each image taken at a certain field step was
normalized to an image measured at the saturation state. Note
that an initially created DW at the elliptical pad due to lower
shape anisotropy arrives at the notch. The DW is pinned at the
notch until the external force by the external magnetic field
exceeds the pinning force exerted by the notch. Once the DW
is depinned from the notch by increasing the external field
strength it finally annihilates at the narrow tip of the nanowire.

The DW depinning in particular at an artificial notch
is investigated by repeated imaging of DW propagation in
successive hysteretic cycles. Three pairs of DW pinning and
depinning images of the wire with w = 250, t = 50 nm,
and Ng ~ 0.3w are shown in figure 2(a), where the colors
indicate DW pinning and depinning field strengths. It can
be seen that the depinning fields around the notch are
stochastic within repetitions. As a possible explanation for
the stochastic nature of DW depinning fields, the thermal
energy, the edge roughness, and the generation of different
types of DW structures can be considered. In our previous
work, we have found that the depinning fields are strongly
related to the structures of DWs [8]. It has been directly
observed that two types of DWs, either a transverse wall or a
vortex-domain wall are generated around a notch in repeated
experiments and they are depinned at different magnetic
fields. The transverse wall depins at lower magnetic field than
the vortex-domain wall. From the observation, we interpret
that the stochastic nature of depinning fields might be due to
the variety of DW types generated at the notch. It has been
also reported by various studies on the stochastic behavior
of the DW process in wires that the DW depinning process
sensitively depends not only on the type of DW structure, but

Figure 1. (a) Typical TXM image of a notch-patterned permalloy
nanowire. The elliptical head and triangular notch serve as a DW
nucleation pad and artificial pinning site. (b) Representative image
sequence of magnetic DW evolution along the nanowire during a
hysteretic cycle for the 50 nm thick wire of w = 450 nm and

Ng ~ 0.3w.

also on the rotation sense of in-plane magnetization of the
transverse wall and the orientation of the vortex core in the
vortex-domain wall, etc [11, 19, 20]. Based on the observation
that the depinning fields of DWs with unlike structures are
different, the probability of the appearance of each DW
structure is expected to be reflected in the distribution of
depinning fields. We have also investigated the distribution
of depinning fields and found that an isolated peak exists in
the distribution [8], which suggests that a certain type of DW
structure dominantly appears rather than the other types of
structures. Although we address here that the multiplicity of
DW types generated around a notch might be responsible for
the stochastic nature of depinning fields, other effects such as
thermal and roughness can also contribute to the stochastic
nature of the DW depinning process in nanowires.

To systematically investigate the statistical behavior of
DW depinning fields, we performed measurements over 40
times under identical conditions for wires with different
thicknesses and widths. Figure 2(b) shows the absolute value
of the averaged depinning field (m) and the standard deviation
(SD, o) of the depinning fields for the wires with different
wire widths of 250 and 450 nm, which are listed in the
table. The depinning field decreases as the wire widens from
250 to 450 nm, which is expected as the size of a DW at
a notch depends on the wire width and the DW becomes
energetically unfavorable as its size increases. Hence, a larger
DW in a wider wire (w = 450 nm) depins at lower fields. The
SD of the DW depinning fields is also considerably reduced
with increasing the wire width from 250 to 450 nm. Since
the SD is a measure of the DW depinning field distribution,
technological applications aim for a minimal SD of the
depinning field.

Experiments for wires with different notch depths
were also performed. Figure 3(a) shows scanning electron
microscope (SEM) images of notches with Ng ~ 0.6w, 0.3w,
and 0.15w. Based on the experimental result in figure 2(b),



S i o
thickness (nm) - ___ 250 450
30 m=30.7 mT, 6=3.2mT m=18.9mT, o=1 mT
50 =35.4 mT,6=1.8 mT m=21.5 mT,0=0.26 mT

Figure 2. (a) Domain wall pinning and depinning images around the notch in the wire with w = 250 nm, ¢ = 50 nm, and Ny ~ 0.3w. Three
consecutive measurements were performed under identical experimental conditions. The color scale represents the field strength when a
DW is pinned and depinned at the notch. (b) The absolute value of the averaged depinning field (m) and the standard deviation of depinning
fields (o) of the wires with different wire widths of 250 and 450 nm, which are listed in the table. The values are obtained by statistical
analysis of several tens of DW depinning events in 30 and 50 nm thick nanowires with the fixed notch depth of Ng ~ 0.3w.
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Figure 3. (a) Enlarged scanning electron microscope (SEM) images of notch patterns with the depths of 0.6w, 0.3w, and 0.15w. (b) Three
DW evolution images taken from successive hysteretic cycles in the wire of w = 550 nm, t = 50 nm, and Ng ~ 0.6w together with the
difference images to clearly visualize the evolution pattern in each field step. (c) Standard deviation of DW depinning fields with respect to

the notch depths of 0.6w, 0.3w, and 0.15w.

which reveals that SD decreases in wider and thicker wires,
we chose a wire width of w = 550 nm and a thickness
of t = 50 nm to minimize the SD. An image sequence of
DW evolutions taken in the wire of Ngq ~ 0.6w by three
consecutive measurements is seen in figure 3(b). Prior to
reaching the notch area, the nucleated DW is pinned at

several local pinning sites. It is interesting to note that the
locations of the DW nucleation and the pinning fluctuate in
repeated experiments. In general, randomly distributed local
pinning sites provide energy barriers comparable to thermal
energies, which activate DW nucleation and propagation [7,
23]. Therefore, thermal fluctuations induce the experimentally



observed randomness of DW pinning and depinning processes
from the nucleation pad to the notch. The pinning field of
the DW at the notch is strongly associated with the DW
nucleation and pinning processes prior to arrival at the notch.
When the positions of DW nucleation and pinning as well as
the DW evolution pattern are identical throughout the wire,
the DW pinning fields at the notch are also identical. On
the other hand, the depinning field of DWs from the notch
is not directly linked to preceding DW processes and even
to the DW pinning mechanism near the notch. For instance,
depinning fields appear differently even for identical DW
pinning fields, which suggests that the depinning process is
mostly determined by complex processes in the vicinity of
a notch such as the deformation of DW structures under an
interaction between a DW and a notch [6].

The stochastic natures of DW depinning fields for the
wires were quantitatively analyzed. Figure 3(c) shows the
standard deviation of the depinning field of wires with notch
depths of Ng ~ 0.6w, 0.3w, and 0.15w, where only depinning
events which were accompanied by DW pinning at the notch
were considered. The pinning probability of DW at a notch
is found to vary from 100 to 60% as the notch shallows from
0.6w to 0.15w. Interestingly, we find a SD close to zero in
the wire of Nq ~ 0.15w. This implies that the DW depinning
process is almost deterministic in this wire geometry and for
our hysteresis step width. Considering that the stochasticity
of the DW depinning fields in a magnetic nanowire is strongly
correlated with the variety of DW types, we conclude that the
deterministic DW depinning process is due to the creation of
a single DW type at the notch in this suitably designed wire.

In conclusion, we have studied the DW depinning at a
notch in Py wires by high resolution soft x-ray microscopy.
We observe that the stochastic nature of the depinning field
depends considerably on the wire width, the thickness, and
the notch depth. We find that the depinning field in the wire
of w = 550 nm, ¢ = 50 nm, and Nq ~ 0.15w is completely
deterministic, which allows us to conclude that a proper
geometrical design yields a deterministic DW depinning in
notched Py nanowires.
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