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a b s t r a c t

We report on cyclic anisotropic magnetoresistance change induced by current pulse injection in
perpendicularly magnetized Co/Ni nanowire. By alternating the polarity of the injection pulse, domain
walls (DWs) can be deterministically created and annihilated within the nanowire. The injection induces
a combined effect of spin transfer torque and Oersted field that leads to simultaneous creation and
driving of DWs in the nanowire. DW created by single pulse injection exhibits a fixed depinning field. For
multi-pulse injection, the depinning field increases and this is ascribed to the formation of DWs with
opposite chirality.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Magnetic nanostructures with perpendicular magnetic anisot-
ropy (PMA) have attracted strong interest for the development of
domain wall (DW) based devices [1e3]. Controlled creation,
pinning, and driving of DW is crucial for the realization of DW
memory [4]. The creation of DW in PMA nanowire can be achieved
via in-line or field-based injection method [5,6]. For the in-line
injection method, electrical current is pulsed through a nanowire
comprising of two distinct regions with in-plane and out-of-plane
magnetic anisotropy [7]. The spin transfer torque effect at the
boundary between the two regions results in the creation of a DW
within the nanowire [8]. On the other hand, the field-based injec-
tion utilizes local Oersted fields generated from a current-carrying
strip line to enable switching of localized magnetization, and has
been widely reported in PMA DW study [9]. The preferred DW
configuration in PMA nanowire is either Bloch or N�eel wall
configuration. For a PMA nanowire, the DW configuration can be
influenced by the Dzyaloshinskii-Moriya interaction (DMI) or spin
c magnetoresistance.
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torques effect in asymmetric PMA structure [5,10e13]. The prop-
erties of the created DW in the nanowire depend on various pa-
rameters, such as the amplitude and duration of the current pulse
[14].

There are several ways for carrying out electrical detection of
DW in the nanowire. The created DW can be detected by the change
in Hall voltage, as the DW passes through a Hall bar [15e18]. The
DW properties can be inferred via the Hall resistance change that is
induced by DW propagation or pinning in the vicinity of a Hall bar
[19,20]. To date, direct electrical detection of DW in PMA nanowires
has been limited. Franken et al. measured the DWresistance using a
combination of Wheatstone bridge and AC lock-in technique [21].
Discrete unequal steps in nanowire resistance were observed when
DWs were nucleated and annihilated in a Pt/Co/Pt PMA nanowire.

In this work, we report on the direct detection of DW via
anisotropic magnetoresistance change. DWs are created by current
pulse injection through the nanowire. The combined effects of spin
transfer torque and Oersted field lead to local reversal of the
magnetization at the injection line. By alternating the polarity of
the injection pulse, DWs can be deterministically created and
annihilated within the nanowire. We show that the injection
technique allows for a maximum of two DWs to be present within
the system. The increase in the depinning field is correlated with
the number of current pulses applied to generate the DW.
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2. Result and discussion

Multilayered Ta(3 nm)/Pt(3 nm)/[Co(0.25 nm)/Ni(0.5 nm)]�4/
Co(0.25 nm)/Ta(3 nm) structures were grown on Si/SiO2 substrate
using sputtering deposition techniques. The magnetic thin film
stack was patterned into nanowires of 6 mm long and 500 nmwide,
using a combination of electron beam lithography (EBL) and Arþ ion
etching techniques. A Ta Hall bar structure was added transversely
to the Co/Ni nanowire. Contact electrodes of Ta/Cu/Au structure
were deposited for electrical measurement. Fig. 1(a) shows scan-
ning electron microscopy (SEM) image of the fabricated Co/Ni
nanowire device and the electrical setup for anomalous Hall effect
(AHE) measurement. A constant dc current (Idc ¼ 100 mA), which
translates into a current density of J ¼ 1.4 � 1010 A/m2, is applied to
the nanowire for AHE measurement. The Hall voltage (Vxy) is
recorded across the Ta Hall bar by sweeping an external out-of-
plane field. The result of the AHE measurement is shown in
Fig. 1(b). The magnetization switching (up and down states) is
observed at a coercive field of ±1.5 kOe.

Fig. 2(a) schematically shows the electrical current pulse injec-
tion. The nanowire was first saturated along the þz axis with a
3 kOe field. A current density of J ¼ ±1.1 � 1011 A/m2 with pulse
duration of 50 ns (±1.2 V) was applied via the injection line through
the magnetic nanowire. A dc current (J ¼ 1 � 1010 A/m2) was
applied across the nanowire to monitor the resistance change [22].
The creation of DW within the nanowire was detected by the
change of the measured anisotropic magnetoresistance (AMR)
value. The resistance of the nanowire under a series of positive and
negative pulse injections, with a negative or positive initial pulse, is
shown in Fig. 2(b) and (c), respectively. Cyclic step changes in the
resistance can be clearly observed. The sequence of bipolar current
Fig. 1. (a) Scanning electron microscopy (SEM) image of the fabricated Co/Ni nanowire
with Ta Hall bar. The Hall measurement setup and the sweeping field direction are
shown in the figure. (b) The measured anomalous Hall effect hysteresis loop, along
with the direction of the field being swept.
pulse injection induces the periodic change in the resistance. Each
current pulse injection is repeated for 20 times with a time interval
of 2 s between pulses. This time interval is long enough to ensure
heat relaxation, thus rendering the Joule heating effect negligible
[23]. The measured baseline resistance gradually increases with
more applied pulses due to the presence of locally created domains
in the nanowire. The step decrease in resistance denoted by (I) and
(II) in Fig. 2(d), originates from the annihilation of DWs within the
nanowire. We note that multiple domains are created by multiple
current pulse injection. The final step resistance change is too large
to be induced by a single DW. Fig. 2(e) illustrates the effect of the
initial three pulse injections on the magnetic configuration of the
nanowire. The polarity (direction) of the current pulse determines
the winding direction of local Oersted field around the injection
line as illustrated in Fig. 2(e) (green and purple circle arrows). As
seen in Fig. 2(e)-i, the injection of a single positive pulse results in
the generation of local Oersted field at the intersection of the in-
jection line and nanowire. This leads to the local reversal of
magnetization along the ez-axis (downward) at the junction be-
tween the injection line and the nanowire. This results in the cre-
ation of DW in the magnetic nanowire. For positive pulse, spin
polarized electrons flow from B to A, hence the angular momentum
from the spin transfer torque pushes the DW towards the injection
line [24]. Subsequent pulsing of the positive pulse does not influ-
ence the magnetization orientation at the intersection, as the
Oersted field orientation will be in the same direction of the
magnetization. A negative polarity pulse following the positive
pulse leads to a twofold effect, as shown in Fig. 2(e)-ii, iii. The
current flowing through the nanowire drives the DW via the spin
transfer torque effect. At the same time, the Oersted field from the
injection line switches the local magnetization towards the þz
orientation. In this case, the pulse polarity contributes to the
propagation direction of the created DW. This results in the pres-
ence of two domain walls (DWs) inside the nanowire. Fig. 2(f)
shows the MFM image of pinned DW, which was obtained after
applying two pulses of opposite polarity. The MFM image indicates
three distinct domains, with a reversed magnetic domain (dark
contrast) underneath the Ta Hall bar. The domain comprises two
DWs with chirality of up-DW-down and down-DW-up configura-
tions. The length of the domain (dark contrast) is around 1 mm. To
prevent the shading effect from Ta Hall bar, the MFM tip was
scanned transversely to the long axis of the nanowire.

The cyclic step changes in resistance exhibit a DRup z 0.5 U
and DRdown z �0.4 U for 40 cyclic steps, as seen in Fig. 2(b) and (c).
The discrepancy between the resistance valuesmay be attributed to
the creation of random domains in the nanowire as a function of
the current pulse. For the 500 nm wide wire, Bloch wall is more
stable than N�eel wall. The anisotropic magnetoresistance (AMR)
contribution to the resistance is independent of the number of
Bloch walls, as the magnetic orientation of Bloch DWs is always
perpendicular to the current flow. A stable current-driven DW
motion without deformation does not change the AMR [25]. The
abrupt creation of DW near the injection line may contribute to the
AMR. One of the measurement artifacts is the resistance change
caused by the anomalous Hall effect (AHE). To investigate the dif-
ference between the properties of the DWs created using single and
multiple pulses, the Hall voltage (Vxy) measurement is carried out
by sweeping the external perpendicular field. The characteristics of
the created DW can be inferred from the pinning fields at the Hall
bar [26]. The nanowire is first saturated along the þz direction by
applying a 3 kOe field. A single or bipolar current pulse for the DW
or domain (two DWs) creation is injected through magnetic
nanowire. This is followed by field sweeping along the ±z direction,
to move a single DW or expand the domain by the motion of the
two DWs. The measured Hall voltage indicates the presence of the



Fig. 2. (a) Schematic illustration of the current pulse injection and anisotropic magnetoresistance (AMR) measurement. The creation or annihilation of DW can be inferred from the
changes of the measured AMR values. (b), (c) Cyclic resistance changes, þDRup z 0.5 U and eDRdown z �0.4 U. Up and down arrows indicate the voltage polarities during the
current pulse injections. (d) The step decrease in resistance denoted I and II from the annihilation of DWs within the nanowire. The labeled numbers #1, #2 … and #20 correspond
to the number of current pulse injections, with each successive pulse having alternating polarity. (e) Illustration of the DW creationwith alternating current pulse injection direction
(red arrow). The injected current pulse induces local Oested field, as depicted by the clockwise or anticlockwise arrows. (f) MFM image shows the pinned domain at the Ta Hall bar
following the current pulse injection. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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propagating DW.
Fig. 3(a) shows an abrupt resistance drop after the injection of a

single positive current pulse. Multiple resistance changes of the
nanowire are observed as a series of positive and negative pulses
are passed through the nanowire, as shown in Fig. 3(b) and (c). In
both Fig. 3(b) and (c), consistent change in resistance is observed as
the pulse is applied. Following the application of a bipolar (positive-
negative or negative-positive) pulse, the resistance of the nanowire
returns to its nominal value. The abrupt resistance change is
HDRz 0.12 U for current pulse injection with amplitude of about
±1 V. A decrement of current pulse amplitude can reduce the DR
value, as shown in Fig. 2(b) and (c). Fig. 3 shows the change in Hall
voltage (Vxy) due to the DW and domain propagation as a function
of the external field. Following the injection of a domain or DW, the
externally applied field along the ez direction is increased. The
change in the Hall voltage via the AHE, implies the presence of the



Fig. 3. The AHE induced by DW injected into the nanowire system. The labeled
numbers #1, #2, #3, and #4 correspond to the number of current pulse injections, with
each successive pulse having alternating polarity. (a) Inset: DW injected using a single
pulse with positive polarity. Applying a negative field induces a reversal of the
magnetization of the nanowire. Subsequent pulsing using a negative polarity does not
induce any DW in the system. (b) DWs induced with a bipolar pulse exhibit a larger
field. (c) DWs injected using multiple current pulses with alternating polarity exhibit
an increase in the switching field as seen from the AHE. (d) Histogram depicting the
distribution in the DW depinning fields as a function of the number of current pulse
injections.

J. Kwon et al. / Current Applied Physics 17 (2017) 98e102 101
domain or DW at the Ta Hall bar. Following the change in the Hall
signal, the external field is increased along the þz direction. The
fact that the Hall signal does not exhibit any changewith increasing
field along the þz direction indicates that the domain or DW is not
present or may have been removed by the magnetic field sweep.
For DW createdwith a single positive pulse, we observed consistent
detection of DW (blue arrow dash line) at the Hall bar at an external
field of �72 Oe as detected by the AHE in Fig. 3(a). For the domain
(two DWs) created using a combination of positive/negative pulses,
we observed that the DW detection at the Hall bar exhibits a large
field distribution with Vxy switching fields from �90 Oe to�180 Oe
(blue, green, black arrow dash line) in Fig. 3(c). For each set of
current pulse, the measurements were repeated 10 times. Fig. 3(d)
shows the histogram of the depinning field as a function of current
pulses. The change in Hall voltage is consistent with DVxy z 30 mV
for all Hall voltage change in the AHE measurements, as shown in
Fig. 3. The result is attributed to the asymmetric nature of the two
DWs at the domain edges propagating within the nanowire as the
external field is applied. Two DWs emanating from the domain
have opposite chirality; up-DW-down and down-DW-up. In addi-
tion, the propagation of the DWs results in an expanding domain as
the external perpendicular field is applied. Using the DW injection
condition in the inset of Fig. 3, we obtain a low field switching of
Hall voltage by AHE as shown in Fig. 3. The field is swept until the
Hall voltage switching exhibits the maximum DVxy change. The
arrival of the DW at the Hall bar is then determined by the Hall
voltage switching. This process is able to initialize the DW or
domain at the Hall bar.

The created domains from the multiple current pulses are also
investigated within a 30 mm long nanowire comprising of two
magnetic Hall bars and a P-shaped cross as a DW trap in the
structure. The extended length of the wire from 6 mm to 30 mm
allows clear MFM imaging of the created domains within the de-
vice. Additionally, the device enables the measurement of magne-
toresistance (MR) change within the local area of the wire between
the two magnetic Hall bars. The Hall bar also acts as an artificial
pinning site across the nanowire.

Domains are first created by performing two bipolar current
pulse injections. The MFM image shows four domains with alter-
nate dark and bright contrast (white and black boxes with dash
line) in the nanowire, as shown in Fig. 4(b). The domains are
trapped between the different pinning sites introduced in the wire.
For DWs (domains) created by the current pulses, a large pinning
field (�140 Oe, labeled #1 in hysteresis loop) is obtained by AHE
measurement as seen in Fig. 4(c) (black line). On the other hand, the
MR curve combined with the switching of Hall resistance (Rxy) is
shown in Fig. 4(c) (blue line). The MR signal increases with step
resistance changes (blue arrows) as seen from the hysteresis loop in
AHE measurement, as the perpendicular field is swept from 0 Oe to
negative and to positive direction. We note that the #1 switching
(þDRxy) in hysteresis loop is to reverse the spins in the nanowire
swept by the locally created domains. The switching of #2 (�DRxy)
and #3 (þDRxy) at ~ ± 350 Oe reflects the magnetized nanowire
without the created domains by pulses. We note that the abrupt
switching in resistance with field sweep reflects the magnetization
with domain creation at the nanowire across the Hall bars. The
abrupt resistance changes in AHE (black) and MR (blue) exhibit the
same as DRxy ¼ RMR z ± 0.4 U in Fig. 4(c). Consequently, this result
explains why the cyclic resistance change due to the current pulses
is combined with the increment of the nominal resistance, as
shown in Fig. 2(a) and (b). Themultiple pulse injections are enabled
to create multiple domains to induce an increment of MR with the
magnetization in the nanowire.

3. Summary

In summary, we present a DW injection technique, which is a
combination of Oersted field and spin transfer torque by current
pulse injection. The DWs are directly sensed via the change in the
anisotropic magnetoresistance. Step-wise resistance change is
caused by the creation and annihilation of DWs. The winding



Fig. 4. (a) Schematic illustration of the current pulse injection and anisotropic mag-
netoresiatance (AMR) measurement along the nanowire. The magnetic hysteresis loop
from the AHE measurement is also measured at one of the magnetic Hall bars. The P-
shaped Hall cross transverse to the nanowire is used for a trap of created domain. (b)
The MFM image is obtained after the current pulses are injected from injection line to
nanowire (red arrow). (c) The hysteresis loop from AHE measurement (black circle
line). The switching sequences in the hysteresis loop follow the labeled numbers #1,
#2, and #3 with switching directions (black dot arrows). The AMR curve (blue circle
line) having abrupt switching (blue arrows) is measured between the two magnetic
Hall bars. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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direction of the local Oersted field associatedwith the current pulse
polarity leads to the creation of DW and shifting of DW (domain)
with spin transfer torque effect. For the DW motion, we observe a
constant depinning field of �72 Oe for DW created with a single
current pulse. For two DWs within the system, the depinning field
exhibits large field distribution. This is attributed to the fact that the
two DWs in the domain having the chirality are comprised of
down-DW-up and up-DW-down configurations, leading to a
propagation of the DWs in the nanowire and consolidation of do-
mains in the nanowire.
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