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Controlling domain wall (DW) generation and dynamics behaviour in ferromagnetic nanowire is critical to
the engineering of domain wall-based non-volatile logic and magnetic memory devices. Previous research
showed that DW generation suffered from a random or stochastic nature and that makes the realization of
DW based device a challenging task. Conventionally, stabilizing a Néel DW requires a long pulsed current
and the assistance of an external magnetic field. Here, we demonstrate a method to deterministically
produce single DW without having to compromise the pulse duration. No external field is required to
stabilize the DW. This is achieved by controlling the stray field magnetostatic interaction between a
current-carrying strip line generated DW and the edge of the nanowire. The natural edge-field assisted
domain wall generation process was found to be twice as fast as the conventional methods and requires less
current density. Such deterministic DW generation method could potentially bring DW device technology,
a step closer to on-chip application.

research interest due to its potential applications in non-volatile logic devices"’, magnetic memory**

and sensors’. To translate domain wall-based laboratory device into workable memory product, the
mechanisms of injection, driving and detection of magnetic DW must necessarily be well established.
Intensive investigations have been carried out to overcome the high current density requirement for current-
induced DW driving®"*. The detection by ultrasensitive magnetic tunnel junction sensors are considered rela-
tively well established. However, the DW injection mechanism is not yet fully controlled®'"'*'>. In the reported
research of the DW injection mechanisms, a direct application of external magnetic field was naturally the
simplest approach to create a DW'*'®. This method lacks the capability of individual DW manipulation, and
is a slow process'*. DW generation via the localized switching of magnetization using the Oersted field generated
by a current-carrying strip line which is transverse to the nanowire'>'*~' is now a well-established technique. This
is a fast and efficient method in which DW can be created in nanosecond range. However, this method generates a
head-to-head (HH) and a tail-to-tail (TT) DWs of opposite magnetic charges on either side of the injection strip
line. Due to their opposite magnetic charge, the DWs attract each other leading to either the formation of a
coupled DW, or mutually annihilate each other depending on their topological charges'**>**. The random nature
of the topological charges, leading to DW annihilation results in a stochastic DW generation. For the coupled
DW, external magnetic field acting globally on the nanowire or long duration current pulse have been employed
to push the two generated DWs apart increasing the generation probability in the process'>**. External magnetic
field is not suitable for device application and long duration current pulses generate more heat and affect the
power efficiency of a device. Also, multiple current pulses were still required for reliable DW generation as the
generation probability is not 100%*. We show that it is possible to generate a single DW with 100% probability
without the need of an external magnetic field. This was achieved by exploiting the intrinsic edge stray field of the
magnetic nanowire. The edge stray field influences the DWs created by the Oersted field, leading to the anni-
hilation of one of the DWs. This method of single DW generation was found to be twice as fast as conventional
method and requires lesser current density.

C ontrol of magnetic domain wall (DW) dynamics in ferromagnetic nanowires has received increasing

Results

Two DWs Generation in Zero External Magnetic Field. In-situ anisotropic magnetoresistance (AMR)
measurements were used for detection of DW generation. Scanning electron microscope (SEM) image of our
device along with the schematic for AMR measurement is shown in Fig. 1a. The nanowire is 300 nm wide with
10 nm thick NiggFe,, film. The injection strip line is 800 nm wide with 100 nm thick Au film, and is placed ~
2 pm away from the nanowire edge. When a current density, ] = 2.6 X 10'> Am~? was injected through the strip
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Figure 1| Conventional DW generation where two DWs are generated by a single injection. (a) Scanning electron microscope (SEM) image of the
NiFe DW device with schematic of AMR measurement. (b) Probability of DW generation for applied current density of 2.1 X 10" Am 2. (c) Measured
signals showing successful DW injection followed by several failed injection due to DW-DW annihilation. (d) Shows MFM image of generated DWs

beneath the injection strip line.

line from A to A’, DW generation was confirmed by a drop in
resistance across AA’ and BB’ DWs generation was considered to
be successful if the drop in resistance is maintained for more than
60 s and can be annihilated by reversed pulsed current. The
probability of successful DW generation in 50 attempts for
different pulse durations is shown in Fig. 1b. The maximum
probability achieved was less than 60% which is for 50 ns pulse
duration. Fig. 1c shows sequence of resistance change of the
nanowire as a function of time, following multiple attempts of DW
injection and annihilation. The initial measured resistance was
795.625 = 0.025 Q. Following a current pulse injection at t = 30 s,
the resistance drop to 795.485 = 0.025 Q, indicated by marker 1. The
resistance drop was 0.14 = 0.025 Q'*'***.The resistance drop which
was sustained for more than 60 s indicates a successful DW
generation. At t = 110 s, an applied reversed current restored the
nanowire resistance back to its initial value, as shown by marker 2.
Further attempts with the same current pulse could not repeat the
stable resistance change. Markers 3, 4, 5, 6 and 7 show visible drops in
resistance but they last only for a certain period, ranging from
milliseconds to a few seconds. This is likely due to the mutual
annihilation of generated DWs. The successful DW generation was
also directly observed using magnetic force microscope (MFM)
imaging as seen in Fig. 1d. The MFM image shows two coupled
DWs under the strip line. Driving of the DWs was attempted with
current density, ] = 1.3 X 10" Am ™ in zero external magnetic field
without any success. The reason could be because a very small
fraction of the current interacts with the DWs due to shunting by
the strip line.

There are few issues that are observed in this experiment where
two DWs are generated and no external magnetic field was applied.
Firstly, the probability of DW generation was less than 100%. This

means that to ascertain DWs generation, more than one current
pulse is required**. Additionally, when the DW's generation was suc-
cessful, they remain beneath the strip line. This makes driving of the
DW difficult as only a fraction of the driving current will interact
with the DW.

Single DW Generation and Driving in Zero External Magnetic
Field. SEM image of the device that allows edge field-assisted
single DW generation is shown in Fig. 2a. The 800-nm-wide strip
line was positioned 450 nm away from the edge of the nanowire. The
magnetic nanowire was saturated with 1 kG field along the wire long
axis. A current density of ] = 1.1 X 10'> Am™? with pulse duration
5 ns was injected into the strip line from A to A’. DW generation was
confirmed by a drop in the resistance whose magnitude was similar
to the two DWs generation method. After observing the DW
generation by in situ AMR measurement, it was confirmed using
magnetic force microscope (MFM) imaging which is shown in
Fig. 2b. A DW which is a few nanometres away from the injection
strip line AA’ is seen in the image. This confirms the single DW
generation. The DW closer to the nanowire edge was annihilated.
Edge field assisted single DW generation probability was studied for
different current densities ranging from 6.9 X 10" Am~*to 1.1 X
10" Am~2. The pulse duration was varied from 1 to 100 ns. The
probability for each current density and pulse duration are as
shown in Fig. 2c. The probabilities were calculated for 50 attempts.
The condition for successful single DW generation was the same as
the two DWs generation. 100% single DW generation probabilities
were observed for current density of 1.0 X 10" Am™ and 1.1 X
10" Am™* when their pulse duration exceeds 20 ns and 10 ns
respectively for this particular device.

The generated single DW in Fig. 2b was driven with a current
density, ] = 1.3 X 10" Am~? and pulse width of 10 ns, two pulses
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Figure 2 | Single DW generation. (a) SEM image of the modified DW injection device. The injection strip line was positioned at 450 nm away from the
nanowire left end point (edge). (b) MFM image of the device showing injected single domain wall. (c) Injection probability of a single domain wall as a
function of pulse width for a range of applied current densities. (d) MFM image of the device showing the current-driven DW after a deterministic
injection. () MFM image of two deterministically-injected DWs in the NiFe nanowire.

were injected. An MFM image of the device confirms that the dis-
placement of the DW from its initial position was ~2 um as shown
in Fig. 2d. A second DW was generated by injecting current pulse
with current density, ] = 1.1 X 10'> Am~ and pulse duration 5 ns
for A’to A. It was confirmed using MFM imaging as shown in Fig. 2e.

The experimental results showed that it is possible to have 100%
DW generation probability. Unlike two DWs generation experiment,
mutual annihilation was not observed during in-situ AMR measure-
ment. The failed attempt for DW generation simply did not show any
resistance change. This confirms that every time there is a success in
nucleation, a single DW was generated. This eliminates the mutual
annihilation of DWs generated during injection. This allows for
100% generation probability above a certain value of current density
and pulse duration. Another advantage is that, the generated single
DW is always outside the injection strip line. This makes current
driving possible and easy because all the current that passes through
the nanowire interacts with the DW.

Study of Single DW Generation Using Micromagnetic Simula-
tion. To further understand and extrapolate our experimental
studies, micromagnetic simulations were performed using Landau-
Lifshitz-Gilbert (LLG) simulator (M. R. Scheinfein, LLG Micromag-
netics Simulator, http://llgmicro.home.mindspring.com/). The spins
state evolution of DW nucleation for different distance d between the

edge of the nanowire and the injection strip line is shown in Fig. 3a.
The nanowire width was 300 nm with thickness of 10 nm and the
strip line width was 1 pm. A pulsed current density, ] = 1 X
10" Am~? with a pulse width of 1 ns was injected into the strip
line. The rise and fall time of the current pulse was 300 ps. Initially
two DWs were nucleated underneath the strip line in all the
configurations. In particular, when the strip line is aligned with the
edge of the nanowire, i.e. d = 0, only one DW survives by the time the
injection pulse was completed. One of the DW was pushed to the
edge of the nanowire and was annihilated. The other DW was pushed
towards the centre of the nanowire and away from the strip line.
As the distance between the strip line and the edge of the
nanowire was increased, i.e., d =100 nm and 200 nm, stabiliza-
tion of the DW takes longer. Additionally, the single DW gener-
ated forms underneath the injection strip line. At d = 300 nm, the
nucleation of domain walls collapsed and no well-defined DWs
are nucleated. When the pulse duration was increased to 1.5 ns,
single DW generation was successfully achieved for d = 300 nm.
Fig. 3b shows the plot of minimum current density required to
generate single DW for different values of d. The current pulse
duration was kept constant at 1 ns. The minimum current density
required increases linearly up to d = 500 nm. For, d > 500 nm
the minimum current density required remains constant. Fig. 3c
shows the plot of the time needed to generate single DW. It
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Figure 3 | Simulation for single DW injection. (a) Simulation results show the evolution of DW generation with time, ¢ for different nanowire edge and
strip line distance, d. (b) Plot shows the correlation between the current density required for successful DW generation and the distance, d with constant
pulse duration. (c) Plot shows the correlation between the domain formation time and the distance, d with constant pulse duration and current density.

increases with increase in d. Similar to Fig. 3b, the required time
became constant when d > 500 nm.

Simulation Analysis. As the strip line distance d from the nanowire
edge was gradually increased from 0 to 200 nm, the DW nucleation
time increases and remains underneath the strip line for a longer
period of time. This is due to the decrease in the edge field’s influence
on the generated DWs allowing the mutual interaction between the
two to be more pronounced. A more complex reversal process
underneath the strip line was observed as the edge stray field
influence weakens. At d = 300 nm in Fig. 3a, DW was successfully
generated when the pulse duration was increased from 1 nsto 1.5 ns
without increasing the current density. The Oersted field from the
strip line was sustained for a longer period of time, enabling the DW
to be pushed closer to the edge. This allows the influence of the edge
field on the DW closer to it to become stronger leading to its fast
annihilation at the edge. This results in single DW generation.

The weakening of the edge field strength as d increases can be
compensated by increasing the current density as shown in Fig. 3b.
From Fig. 3¢, we note that as the edge stray field decreases due to
distance from the injection strip line, the DW evolution time
increases. The saturation in Fig. 3b and 3c indicates that the edge
stray field effect on the DW generation is effective only for distance, d
<500 nm. The nucleation time for d = 0 nm, i.e. 1.75 ns, as com-
pared to that of d > 500 nm, i.e. 3.5 ns, implies that the edge field-
assisted single DW generation is twice as fast as without the edge field

assistance. The critical current density required when d = 0, i.e. 1.14
X 10" Am ™ is also smaller than the critical current density required
when d > 500 nm, i.e. 1.3 X 10> Am ™. The simulation provides a
qualitative analysis of the DW nucleation, as ideal conditions are
used in simulation.

Discussion

In these experiments, the stochastic nature of DW generation was
contributed by two phenomena namely; DW nucleation and mutual
annihilation of the nucleated DWs'. The contribution by the former
was overcome when the local Oersted field generated by the injection
current exceeds a certain value called the threshold value. These
values were observed for current density, ] = 1.0 X 10" Am~* and
1.1 X 10> Am~? when their pulse duration are ~20 ns and ~10 ns
respectively for our particular device. The later can be overcome if the
pair of DWs generated by the strip line can be pushed ~2.5 pm
apart™> or one of the DWs is annihilated during nucleation elim-
inating the chance of mutual interaction. We have attempted the
later and demonstrated an approach to generate a single DW with
100% probability by controlling the stray field magnetostatic inter-
action between DWs and the edge of nanowire. The existing tech-
nique™ requires 100 pulses to ensure reliable DW generation. The
edge field assisted single DW generation requires only a single pulse
for DW injection because its probability is 100%. Also, the issue of
electric current shunting by the injection strip line was overcome
without the requirement of long current pulse or an external global
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magnetic field. Therefore, edge field assisted single DW generation
technique has shown the improvements of reliability, robustness and
lesser current density requirement, bringing the on-chip application
of DW devices a step closer to actual realization.

Methods

Device fabrication. A silicon wafer with a 300-nm-thick thermally-grown SiO, layer
was used as a substrate for device fabrication. It was cleaned using Acetone followed
by iso-propanol in ultrasonication. A thin film stack of Ta(3 nm)/NigoFe;o(10 nm)/
Ta(3 nm) was deposited using ultrahigh vacuum magnetron sputtering deposition
technique. The bottom and top Ta layers were used for seeding and capping
respectively. Negative resist ma-N 2403 (Micro Resist Technology) was used for spin
coating followed by electron beam lithography patterning. A Ta/NiFe/Ta nanowire
pattern with sharp side wall was obtained after argon ion milling and resist stripping
processes. To fabricate electrical strip lines and contact pads, the nanowire sample
underwent another process of nanolithography. Positive resist para-
Methoxymethamphetamine (PMMA) was used for spin coating followed by electron
beam lithography patterning. A bilayer Ta(5 nm)/Au(120 nm) stack was deposited
onto the resist windows using high vacuum magnetron sputtering technique. Argon
reverse sputtering was briefly employed before the contact layer sputtering deposition
50 as to obtain a better interface. A complete device was obtained after a metal lift-off
process with the aid of warm acetone and ultrasonic agitation.

Electrical Measurements. Domain wall injection and resistance measurements were
carried out on a 40 GHz-capable probe station (Cascade Microtech). A
programmable pulse generator (Picosecond 10300B) is connected to a radio
frequency (RF) probe for injecting and driving the domain wall, as schematically
shown in Fig. 1a and Fig. 2a. A voltmeter (Keithley 2000) and a constant current
source (Keithley 2400) were used to measure the anisotropic magnetoresistance
(AMR) of the nanowire. A bias tee was used to isolate the pulse generator from the dc
source. For DW generation, the sample was initially saturated with a 1 kG magnetic
field along the wire long axis. The potential difference across the nanowire (AA’ to
BB’) was directly measured via dc probes while biasing with 100 pA current. The
biasing current was comparatively small as compared to the driving current and does
not affect the experiment. For DW generation a current density of the order of

10> Am™* was injected from A to A’. The voltage reading of the voltmeter drops when
the DW is successfully generated. The voltage reading was observed for over a minute
to ascertain stable domain wall injection. If the domain wall survives for this duration,
it was considered a successful DW generation. By changing the current density
polarities, i.e. injecting from A’ to A, the generated domain wall can be annihilated.
This process was repeated for 50 times each for recording the probability of the DW
generation.

For domain wall driving, a current was passed from BB’to AA’ of the device shown
in Fig 2a such that the electrons flows from AA’to BB’. A constant bias current of
500 pA was passed through the nanowire from BB’ to AA”, using a current source.
The driving current density was 1.3 X 10'> Am™* with a pulse duration of 10 ns.

Micromagnetic Simulations. LLG micromagnetics simulator was used to perform
the simulation to support and extrapolate our experimental results. The material
parameters were chosen for NigoFe,o. The anisotropy constant, K was taken as 0,
saturation magnetization (M) was taken to be 8.6 X 10° Am™" and the exchange
stiffness constant (A) was taken as 1.3 X 10™"" Jm™". The damping constant (o) value
was taken as 0.01 and the non-adiabatic spin-torque constant (f3) value was taken as
0.04%. The dimensions of the nanowire are: length 10 pm, width 300 nm and
thickness 10 nm. The injection strip line was modelled as having 1 pm width with a
conducting non-magnetic film thickness of 30 nm. For the DW injection in fig. 3a, a
current density of 1 X 10'> Am™* with a pulse duration of 1 ns was applied. The rise
and fall time was considered to be 300 ps. The pulse duration was increased to 1.5 ns
for d = 300 nm, when DW fails to generate. For the simulation results presented in
fig. 3b the pulse duration was fixed at 2 ns while changing the current density and the
distance d. In Fig. 3¢, the DW generation time was taken as the time taken for the DW
to move out of the injection pad. For this simulations, the pulse duration was taken as
3 ns and the current density was 1 X 10" Am >
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