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Current-driven domain-wall motion in magnetic wires with asymmetric

notches
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Institute for Chemical Research, Kyoto University, Uji, Kyoto 611-0011, Japan
(Received 22 August 2005; accepted 1 November 2005; published online 6 December 2005)

Current-driven domain-wall (DW) motion in magnetic wires with asymmetric notches was
investigated by means of magnetic force microscopy. It was found that the critical current density
necessary for the current-driven DW motion depended on the propagation direction of the DW. The
DW moved more easily in the direction along which the slope of the asymmetric notch was less
inclined. © 2005 American Institute of Physics. [DOI: 10.1063/1.2140884]

The magnetization reversal process of microscopic fer-
romagnetic materials with a single magnetic domain has
been actively researched worldwide because of improving
the lithographically fabrication technology. The magnetic do-
main configuration and the magnetization reversal process
are controllable by modifying the shape of a sample. Specifi-
cally, in a magnetic wire with submicron width, due to the
magnetic shape anisotropy, the magnetization direction is re-
stricted in parallel to the wire axis, and thus the state of a
single magnetic domain is stabilized. The magnetization re-
versal of a submicron magnetic wire takes place by the
propagation of a magnetic domain wall (DW). Several ex-
perimental attempts have been reported to control the nucle-
ation and the propagation of a magnetic DW in submicron
magnetic wires."” In a previous report,6 we have shown that
the depinning field of the DW from the asymmetric notch
artificially introduced into a submicron magnetic wire de-
pends on the propagation direction of the DW, and that the
asymmetric notch works as an asymmetric potential barrier
against the propagation of a magnetic DW. This phenomenon
should be called a “magnetic ratchet effect”. A similar effect
was found in the experiment on submicron magnetic wires
with a triangular structure using a magneto-optical Kerr
effect.”

In this letter, we present a study on the current-driven
DW motion®™” in submicron magnetic wires with asymmet-
ric notches. It was confirmed that the magnetic ratchet effect
can be generated not only by a magnetic field but also by an
electric current through the wire.

Samples were fabricated by lift-off method in combina-
tion with an electron-beam lithography onto thermally oxi-
dized Si substrates. Figure 1 shows a schematic illustration
of a top view of the sample. The sample consists of an
arched Nig Feq (Py) wire with asymmetric notches (25 nm
in thickness and 200 um in radius) and four current-voltage
electrodes made of Au. It has been shown that, for the mag-
netic wire of similar dimension to the present sample, the
depinning fields for the rightward propagation and for the
leftward propagation were about 100 Oe and 50 Oe,
respectively.6 Because of the arched shape of the Py wire, a
magnetic DW can be introduced into a center of the Py wire
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by applying an external magnetic field (H.,) in one
direction.'’

At first, H,,, of 3 kOe was applied in order to saturate the
magnetization in one direction, and then H,,, was decreased
to zero. After that, the atomic force microscopy (AFM) and
the magnetic force microscopy (MFM) observations were
carried out in the absence of H,,. The existence of a single
DW at the vicinity of the center of the arched wire was
observed as shown in Figs. 2(a) and 2(b). The DW is imaged
as a dark contrast, which corresponds to the stray field from
a negative magnetic charge, indicating that a tail-to-tail DW
is realized. Though the following experiment result was on
the tail-to-tail DW, the same result was obtained also for the
head-to-head DW. After the observation of Fig. 2(b), a
pulsed current with the duration of 2 us was applied through
the Py wire from left to right. The MFM observation was
carried out after applying each pulse with increasing the in-
tensity of the pulsed current. It was confirmed that the criti-
cal current density for the current-driven DW motion was
7.2% 10" A/m? for the leftward propagation of the DW.'®
This is comparable to the critical current density for the
simple magnetic wire of similar dimension."? Figures 2(c)-
2(e) are successive MFM images with one pulsed current of
7.2X 10" A/m? between each consecutive image. Each
pulsed current displaced the DW notch by notch to the left-
ward direction. It should be noted that the DW of the vortex
type was pinned at the widest part of the asymmetric notch.

We tried to determine the critical current density for the
rightward propagation by switching the current polarity.
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FIG. 1. Schematic illustration of a top view of a sample consists of an

arched Nig,Fe,y (Py) wire and Au electrodes. A main body of the arched Py
wire has ten asymmetric notches.
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FIG. 2. (a) AFM image of the arched Py wire with asymmetric notches. (b)
MFM image of the initial magnetization configuration. A tail-to-tail DW was
observed, which was imaged as a dark contrast. (c)—(e) Successive MFM
images with one pulsed current applied between each consecutive image.
The pulsed current with the duration of 2 us flowed through the Py wire
from left to right. The applied current density was 7.2 X 10'" A/m? Each
pulsed current displaced the DW notch by notch. (f) MFM images after the
application of a pulsed current with the current density of 8.9 X 10! A/m?
in the opposite direction. Multidomain structure appeared in the Py wire.

However, the DW did not move rightward up to the current
density of 8.9X 10'' A/m?. Above this current density, the
multidomain structure appeared as shown Fig. 2(f). This is
the indication that the sample temperature exceeded the Cu-
rie temperature of Py by the Joule heating because of the
high current density.13

Therefore, we found a clear difference of the critical
current density between the leftward propagation and the
rightward propagation. The DW moved more easily in the
direction along which the slope of the asymmetric notch was
less inclined. This situation is the same in the case of the DW
motion in magnetic wires with asymmetric notches by an
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external magnetic field.® Thus, it is concluded that the asym-
metric notch works as an asymmetric potential not only for
the field-driven DW motion but also for the current-driven
DW motion.

In conclusion, we have demonstrated the magnetic
ratchet effect for the current-driven DW motion in submicron
magnetic wires with asymmetric notches. The current density
to depin the DW from the asymmetric notch depends on the
DW propagation direction. The present result certifies that
the DW motion can be controlled by the artificial structure
even for the current-driven DW motion.
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