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Abstract—In this paper, we propose a prototype domain wall (DW) programmable magnetic logic device that is able to
perform the AND and OR logic functions. The device operates by manipulating the information encoded in the internal
spin structure of a transverse domain wall (TDW). The input and output bits in this scheme are the transverse profiles of
the domain wall. By exploiting the inherent pinning and depinning mechanisms of the TDW within the device structure,
the output DW profile can be deterministically controlled. The logical operation can be programmed at run time by the
application of a local Oersted field.

Index Terms—Nanomagnetics, domain wall dynamics, domain wall logic, magnetic logic.

I. INTRODUCTION

Conventional microelectronic-integrated circuits work by con-
trolling the flow of electrons through transistor switches. Power
consumption and scaling limitations in conventional semicon-
ductor electronics are driving developments of alternative logic
technologies. Spintronics, which exploits the electron spin, of-
fers the promise of devices that outstrip the performance of
traditional semiconductor electronics. Magnetic logic architec-
ture takes advantage of the spin degree of freedom of electron
to enable low energy consumption and high-speed nonvolatile
devices [Wolf 2001].

The manipulation of the binary state of nanomagnets via ex-
ternal magnetic field or spin transfer torque effect has spawned
numerous techniques for magnetic logic [Allwood 2002, Imre
2006, Xu 2008, Franken 2012]. Domain wall in magnetic
nanowires has attracted a great deal of interest as a poten-
tial candidate for both memory and logic device applications
[Allwood 2005, Parkin 2008]. In such proposals, magnetization
reversal is controlled within a region on a patterned nanostrip,
which in turn yields ordered segmentations of magnetic orien-
tation that are used for data representation.

In thin narrow nanowires, transverse domain walls (TDWs)
are the stable configurations. TDWs can be categorized as
head-to-head DW or tail-to-tail DW, depending on which di-
rection the magnetic moments are oriented. A further degree of
freedom associated with the TDW is the chirality of the trans-
verse component. For logic operations, information can be en-
coded and processed in the internal states of magnetic domain
wall. This concept enables mobile data bit within the system.
We have previously shown experimentally the logic NOT oper-
ation based on DW profile manipulation [Goolaup 2015]. In this
paper, we extend the domain wall profile logic to two-bit oper-
ations and introduce a device that is programmable at runtime.
This device is capable of performing logical AND or OR opera-
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Fig. 1. (a) Logical bit representation, with transverse magnetization
pointing “up” assigned as logical “1” and transverse magnetization point-
ing “down” assigned as logical “0,” for both head-to-head and tail-to-tail
domain walls. (b) Schematic representation of magnetic structure with
two input branches and one output branch. An electrical pad is patterned
atop the junction to allow for programmable operation.

tions via a current controlled gate. The operation of the device
is via the differential speed of TDW reaching the junction. The
inherent spin orientation within the device selectively delays the
motion of incoming DW.

The bit representation for the proposed logic scheme is de-
picted in Fig. 1(a). The bits “0” and “1” correspond to the trans-
verse profile pointing in the −y (down profile) and +y (up profile)-
orientations, respectively. In our structure, irrespective of the
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type (head-to-head or tail-to-tail) of TDW, the device structure
allows for repeatable logical operation via control of the DW
transverse profile.

A schematic of the device structure is shown in Fig. 1(b). The
device comprises two input nanowires that are tapered to merge
into a single output nanowire. The logical operation is carried
out within the tapered segment of the device. For proper device
operation, the opening angle at the junction has to be between
5° and 25°. A metallic pad is placed atop the junction between
the inputs and output. By flowing current through the metallic
pad, a local Oersted field can be generated at the junction. The
Oersted field acts as a gate to select the type of logical operation
to be carried out by the device. For device clocking, an external
pulsed magnetic field can be applied along the nanowire axis
(x-axis).

To ensure that TDW is stable within the device structure, the
width and thickness of the nanowire have to obey the relation-
ship

tcritwcrit ≤ 130A/μ0 M2
s (1)

where t is film thickness, w is the width of the nanowire, A and
Ms are the exchange constant and saturation magnetization of
the ferromagnetic material, respectively, and μ0 is the perme-
ability of free space [McMichael 1997]. In our device structure,
we have chosen the nanowire width to be 150 nm, ferromagnetic
material Ni80Fe20, and a film thickness of 5 nm. The distance be-
tween the two input nanowires has to be greater than twice the
width of each input nanowire so that any interaction between
the two input DWs can be minimized. In this particular device,
the spacing between the two input nanowires was 450 nm.

II. MODELING DOMAIN WALL DYNAMICS

Micromagnetic simulations were carried out using object-
oriented micromagnetic framework (OOMMF) code from the
National Institute of Standards and Technology [Donahue
1999]. The parameters used in the simulations for Ni80Fe20

were: saturation magnetization Ms = 860 × 103 A/m, exchange
constant A = 1.3 × 10−11 J/m, anisotropy constant K = 0, and a
damping constant α = 0.5. A unit cell size of 5 × 5 × 5 nm3 was
used in all the simulations. For all simulations, a fixed external
field of 25 mT was applied along the x-axis.

The DW dynamics and resulting DW in the output nanowire
are presented in Fig. 2. The spin state evolution within the struc-
ture when both input TDWs have the transverse profile along
the +y (up profile)-orientation is depicted in Fig. 2(a). In the
initial state, the magnetic spins within the tapered region follow
the geometrical contour of the device structure. As such, within
the tapered region, spins pointing toward the upper input
nanowire adopt a relative +y-orientation, while spins pointing to-
ward the lower input nanowire adopts a relative −y-orientation.

The input TDW in the upper nanowire has an “up” profile that
is in the same direction as the spin profile at the tapered region.
As such, the TDW merges with the spins at the tapered region.
For the DW propagating through the lower nanowire, the trans-
verse profile of the DW and the spins in the tapered region are
in the opposite direction. This leads to the TDW being pinned
at the entrance of the tapered region as seen in Fig. 2(a)-ii.

Fig. 2. Simulated head-to-head domain wall dynamics with a fixed
external field of 25 mT and no field bias at the junction. (a) Domain
wall with “up” profile in each input branch. (b) Domain wall with “down”
profile in upper branch and “up” profile in lower branch.

The spin profile from the upper segment of the tapered region
is pushed toward the junction. At the lower segment, the TDW
transforms into a vortex DW (Fig. 2(a)-iii). The motion of the
vortex core in the lower branch pushes the −y spins within the
tapered region toward the junction. Due to the intrinsic pinning
and subsequent nucleation and annihilation of the vortex DW,
the spins from the lower region reach the junction slightly later
as compared to the spins from the upper segment. Our sim-
ulation results show that the time difference between the two
profiles reaching the junction is �t ≈ 1.5 ns. The spin configura-
tion that reaches the junction first, propagates within the output
nanowire, and eventually stabilizes as a TDW with spins in the
+y-orientation. Following this operation, the spin configurations
within the structure are primed for the next logical operation.
This ensures that there is no need to reset the device after
every logic operation.

As the output DW profile expands throughout the width of the
output nanowire, the “up” DW profile propagates from the upper
to the lower edge of the junction. The “up” DW profile moves into
the junction toward the pinned DW profile at the lower region.
The interaction between the “up” and “down” DW leads to the
annihilation of the “down” DW profile.

Similarly, when the two input TDWs have their profile along
the −y (down)-orientation, the output DW has a profile along the
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−y (down)-orientation. This is because the TDW in the upper
nanowire is now pinned at the entrance of the tapered region
and has to undergo DW transformation. This implies that when
the two input TDWs are identical, the output TDW has the same
profile as the input.

Fig. 2(b) depicts the spin evolution when the two input TDWs
have opposite profiles. In this particular configuration, the TDW
profile in the upper nanowire has a “down” orientation, while the
lower nanowire has an “up” orientation. As both TDWs have op-
posite profiles as compared to their respective tapered segment,
they undergo pinning and transformation into vortex configura-
tions as depicted in Fig. 2(b)-iii. This in turn pushes the profile of
the tapered region toward the junction, leading to the profile from
the upper and lower segment to reach the junction simultane-
ously. In this instance, the profile from the lower branch reaches
the junction first. The time difference between the two profiles
reaching the junction was ∼0.5 ns. The profile from the lower
segment propagates through the output nanowire and results in
an output TDW with a “down” profile. Further simulations reveal
that the output TDW can have either “up” or “down” profile.

When the TDW profile in the upper nanowire is along the
+y-orientation, and the lower nanowire is in the –y-orientation,
both TDW undergo similar pinning and depinning mechanisms
at their respective tapered segments. The profiles from the ta-
pered segment are pushed to the junction almost simultane-
ously, with the time difference being in the range of ∼0.5 ns.
The profile of the output TDW is stochastic similar to the con-
figuration discussed in Fig. 2(b).

In essence, the output TDW of the device structure is de-
termined by which profile within the tapered region reaches the
junction first. To enable useful application for the two-input TDW
operation, there is a need to deterministically control the output
TDW when the TDW dynamics at the lower and upper edge are
the same. As our device selects the output based on the profile
that reaches the junction first, the speed of the DW (profile) at
the junction is a critical parameter. It is known that the speed of
a propagating TDW can be affected by the application of field
along the nanowire width [Kunz 2008, Bryan 2008].

The effect of a local magnetic field on the motion of a TDW
is shown in Fig. 3(a). A field of 10 mT was applied along the
y-direction, shaded region along nanowire length, as seen
in the inset of Fig. 3(a). When the external field is along
the −y-orientation, TDW with “down” profile undergoes an
increase in speed within the bias region, while TDW with “up”
profile is slowed down, as shown in Fig. 3(a)-i. The relative
difference in speed is around 80%. The opposite behavior is
observed in Fig. 3(a)-ii, when the bias field is applied along
the +y-orientation. Interestingly, as seen in Fig. 3(a), both
head-to-head and tail-to-tail DWs undergo the same speed
increase/decrease depending on the chirality.

To achieve a local magnetic field, we make use of a metal-
lic pad atop the junction between the tapered region and the
output nanowire. To gain an insight into the Oersted field gen-
erated by a current flowing through the metallic pad, COMSOL
simulation is used. Shown in Fig. 3(b) are the computed mag-
netic field direction and strength generated underneath the pad
when a current is applied clockwise or anticlockwise through

Fig. 3. (a) Domain wall speed under the influence of an external bias
field applied transverse to the nanowire length. (i) For fields applied
along the −y-orientation, the domain wall with “down” profile undergoes
an increase in speed while the domain wall with “up” profile is slowed
down. (ii) For fields applied along the +y-orientation, the domain wall
with “up” profile undergoes an increase in speed while the domain wall
with “down” profile is slowed down. (b) COMSOL simulation of magnetic
field distribution across a metallic strip. (i) For a clockwise current flow,
a uniform field along the −y-orientation is produced underneath the
pad, (ii) while for an anticlockwise current flow, a uniform field along the
+y-orientation is obtained.

the electrical pad. The arrows indicate the direction of the mag-
netic field around the pad. As can be seen in Fig. 3(b), a uniform
magnetic field along y-orientation can be produced by the metal-
lic pad. A clockwise current orientation gives a magnetic field
oriented along the −y-direction (Fig. 3(b)-i), while an anticlock-
wise current results in a field along the +y-orientation as seen
in Fig. 3(b)-ii.
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Fig. 4. (a) Domain wall evolution in the logic structure under the appli-
cation of a bias field along the y-orientation at the junction, when DWs
in both input branches undergo similar pinning processes. For bias field
along the +y-orientation, the output domain wall has “up” transverse
magnetization while for fields along the −y-orientation, the output DW
has “down” transverse magnetization. (b) Table summarizing the input
magnetization configurations and the respective output configurations
under the influence of a field bias at the junction.

III. PROGRAMMABLE LOGIC OPERATION

The device operation was simulated by introducing a local
bias field of 10 mT along the y-direction at the junction. Fig. 4(a)
shows the spin state evolution at the junction under the appli-
cation of a local Oersted field along the y-orientation. The input
configuration is the same as the one used in Fig. 2(b). The TDW
profile in the upper nanowire has “down” orientation, while the
lower nanowire has TDW with “up” orientation. Under no local
Oersted field, both the DW profiles from the upper and lower
tapered region are pushed to the junction simultaneously.

When the local Oersted field is acting along the +y-
orientation, the DW with “up” profile moves faster underneath
the metallic pad. This in turn leads to the output TDW having
an “up” profile, as seen in Fig. 4(a). Conversely, when the local
bias field is along the −y-orientation, the “down” profile is sped
up and the output TDW has a “down” profile. The simulations
were repeated a number of times and the output TDW always
follows the local Oersted field orientation. Our simulation results
show that the magnitude of the local bias field underneath the
pad can be within the range of 5 to 15 mT.

Interestingly, we note that the bias field has no effect when
the TDW undergoes different depinning mechanism within the
device, that is, when both input TDWs have the same profile.
The table in Fig. 4(b) summarizes the input and output combi-
nations that can be obtained with different gate field bias. We
note that for a gate bias with +y-field, an OR logical operation is
obtained. For a −y-field bias, the output exhibits a logical AND
operation. This result shows that the type of logical operation
can be controlled by the gate at the junction.

IV. CONCLUSION

We have demonstrated the concept of manipulating infor-
mation using the internal structure of transverse domain wall
configurations. The device exploits the domain wall dynamics
within a defined structure. By using a local Oersted field as a
gate, the operation of the device structure can be programmed
at run time. This paves the way for DW-based reconfigurable
logic devices. The device is scalable to smaller dimensions.
This will result in smaller DW size as well as lower energy to
drive the DW.
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