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Domain wall (DW) based logic and memory devices require precise control and manipulation of DW in
nanowire conduits. The topological defects of Transverse DWs (TDW) are of paramount importance as
regards to the deterministic pinning and movement of DW within complex networks of conduits. In-situ
control of the DW topological defects in nanowire conduits may pave the way for novel DW logic
applications. In this work, we present a geometrical modulation along a nanowire conduit, which allows for
the topological rectification/inversion of TDW in nanowires. This is achieved by exploiting the controlled
relaxation of the TDW within an angled rectangle. Direct evidence of the logical operation is obtained via
magnetic force microscopy measurement.

T
he propagation ofmagnetic domain walls (DWs) inmagnetic nanowires has been proposed towardsmaking
high-density magnetic memories1, spin logic devices2,3 and shift registers4–6. The approach to domain wall
magnetic logic has been to drive DW to switch the binary state of nanostructures. The success of these

technologies will rely inevitably on the perfect control and understanding of magnetic DWs in nanowires. This
has proven to be a challenging task, and much research has been devoted to understanding the DW dynamics in
magnetic nanowires7–11. Changes in the DW structure are significant in device applications where DWmotion is
controlled via interaction with artificial defects, as the detailed spin distribution in the wall affects the nature and
strength of the pinning potential12–14. Although much progress has been made, to date there has been a limited
number of DW-based devices for industrial applications15–18.

In thin film narrow magnetic nanowires, the transverse DW (TDW) is the stable configuration. TDWs are
characterized by a magnetostatic charge; positive for head-to head (HH) DWs where the magnetizations are
pointing towards each other and negative for tail to tail (TT) DWs when magnetizations are pointing away. The
transverse component of the TDW gives the sense of rotation of the spins within the wall, leading to the TDW
chirality. The chirality of the wall can be defined as either ‘‘UP’’ or ‘‘DOWN’’, reflecting the orientation of the
transverse component of the wall. Another approach to describing TDW is to view it as a composite object of
elementary topological defects19. The edge defects have half-integer winding numbers, either 1K or 2K,
representing the spin configuration of the DW at the edges of the nanowire, as illustrated in Figure 1.

Domain walls with same winding numbers lead to the formation of bound states, whereas, annihilation occurs
when the edge defects are different20,21. In a two nanowire system, the coupling strength between DWs is strongly
dependent on the edge defects of the interacting TDWs22–24. Recently, it has been shown that DW can bemade to
selectively move through a network structure based on the topological edge defects25. As such, the topological
defects of DW are important for future DW based devices. In this work, we present a scheme which exploits the
topological edge defects (profile) of TDW for logic application. We experimentally demonstrate the DW rec-
tification and logical NOT (inverter) operation based on DW topological defects. The rectifier provides a pre-
determined topological output independent of the type of the input TDW. On the other hand, the inverter always
provides an output which has opposite edge defects as compared to the input. Experimental verification of our
technique was carried out using magnetic force microscopy.

Results
Topological Rectification of TDW. Figure 1 shows the schematic representation of the topological manipulation
by two structures; Rectifier and Inverter. The Rectifier and Inverter are comprised of an angled rectangle having a
1a orientation with respect to the horizontal nanowire. Themain difference between the Rectifier and Inverter is
the angle a. In the rectifier, irrespective of the type of TDW input, the resulting output DW always has a2K,
1K edge defects. For instance, independent of the type of tail-to-tail domain wall (TTDW) flowing through
rectifier, the output is always a TTDWwith transverse component in the1y direction, which has a2K,1K
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edge defects. Conversely, for inverter, the output TDW always has
the opposite edge defects as compared the input.
The spin state evolution, obtained via micromagnetic simulation,

as a TTDW is driven through rectifier is shown in Fig. 2. From our
simulations, we noted that for rectification, a needs to be in the range

of 10u to 15u. The topological defect for a TT TDW with transverse
component along1y direction (TTU), is2K,1K, whereas for a
TTDWwith transverse component along2y direction (TTD) is1K
, 2K. For a TTD DW, as seen in Fig. 2(a), the DW undergoes a
transformation from TT to vortex and subsequently to TT as the

Figure 1 | Schematic representation of the topological rectification and inversion of transverse domain wall. The output from the rectifier has a2K,

1K edge defect irrespective of the topological edge defects at the input while inverter outputs an opposite edge defect as the input.

Figure 2 | Spin state evolution as a TDW traverses through the rectifier for (a) TT TDW with DOWN chirality (1K , 2K edge defects), which
undergoes a controlled reversal from TDW to vortex DW and back to TDW with opposite edge defects, (b) TT TDW with UP chirality (2K,1K

edge defects) traverses through the structure without any topological rectification.

www.nature.com/scientificreports
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wall moves through the structure. At the entrance of rectifier, the
transverse component of the TTDDW is in the opposite direction to
the spins at the left hand edge of the angled rectangle.
The pinning of a TDW is strongly dependent on the shape of the

potential barrier(well) and the transversely varying energy profile of
the DW. For a fixed potential geometry, pinning is most effective
when the higher energy component of the DW encounters a poten-
tial barrier(well)26–30. With the 1K edge defect having a higher
energy component31,32, the TTD DW is pinned at the entrance of
the rectifier. As themagnetic field is increased, the depinning process
is via the nucleation of a vortex DWwithin the structure. The region
in which the transverse spins are pinned, result in a vortex core. The
chirality of the vortex is determined by the transverse component of
the TTD DW. As the spins within the TTD DW are pointing along
the2y-direction, the left hand side of the vortex DWwill follow this
spin structure. As such, a vortex with anti-clockwise configuration is
nucleated inside the rectifier structure. The transformation of the
TDW into a vortex wall, allows it to overcome the potential barrier
and move into the angled rectangle. The vortex core moves trans-
verse to the applied field direction, towards the lower edge of the
structure and is annihilated. As the vortex is anti-clockwise in nature,
the spins on the right hand side are pointing ‘‘up’’ or along the1y-
direction. TheDWexiting the rectifier into the conduit is then a TTU
wall with the transverse component pointing along1y. The resulting

wall has a2K,1K topological edge defect. The field needed for
this particular operation is 320 Oe. As the DW re-enters into the
conduit, the field can be reduced, to allow for controllable DW
motion and prevent Walker breakdown of the wall to preserve the
DW fidelity.
For a TTU domain wall, the transition of the DW within rectifier

follows a different mechanism, as seen in Fig. 2(b). The transverse
component of the DW and the spins at the left-hand edge of the
rectifier point in the same direction. However, the higher energy
component of the DW (1K winding number) is at the lower edge
of the nanowire and does not encounter any potential barrier while
entering the angled rectangle. As such, the lower half (1K edge
winding number) of the DW moves into the structure while the
top half of the DW (2K edge winding number) is pinned at the
upper edge of the structure. Increase in the magnetic field, leads to
the 1K edge defect to follow the contour of the lower edge of the
structure. This results in the spins within the structure to adopt
transverse configuration along the1y direction.When the1K edge
defect reaches the end of the angled rectangle, a DWwith same input
spin configuration exits into the conduit. Hence, the rectifier, per-
forms a topological rectification with the output always being2K,
1K. As topological edge defects are consistent for Head-to-Head
and Tail-to-Tail DW, irrespective of the transverse component of the
wall, the structure allows for the topological rectification of the

Figure 3 | Scanning Electron Microscopy image of thin film, Ta(5 nm)/Ni80Fe20(10 nm)/Ta(5 nm): (a) Domain wall detector, with a transverse

nanowire acting like a chirality selector and a nucleation pad;Magnetic ForceMicroscopy images of initial and final configuration (after applying a field of

100 Oe along the2x direction) of the topological detector, (b) with initial configuration following saturation along the1y and1x direction respectively.

The final configuration shows that lower branch of the detector switches as evidenced by the bright contrast. This is due to the formation of a TTU TDW

with winding numbers of 2K , 1K flowing in the conduit, (c) with initial saturation along the 2y and 1x direction respectively. The final

configuration shows that upper branch of the detector switches as evidenced by the bright contrast. This is due to the formation of a TTD TDW with

winding numbers of 1K , 2K flowing in the conduit.

www.nature.com/scientificreports
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TDW. By mirroring the angled rectangle along the nanowire length,
such that the spins within the angled rectangle influences the lower
edge of the nanowire, the structure can perform a topological rec-
tification with the output always being1K,2K. Micromagnetic
simulations results for the rectification of TT DWwith the mirrored
angled rectangle structure are shown in Supplementary Figure S1.

Experimental Verification of Rectifier. To date, there is no
conventional tool to directly detect the topological nature of a
TDW. Direct measurement of the internal spin structure of TDW
can only be carried out via Transmission X-ray microscopy31,32 or
electron holography technique33. Hayashi et al.34, showed that it may
be possible to indirectly infer the type of TDW via magneto-
resistance measurement. However, the difference in the MR signal
for different TDW is not easily distinguishable.

To experimentally verify our rectifier we have exploited the chir-
ality dependent selective movement of a DW in a branch structure.
Phusp et al.25 demonstrated the topological dependence for a vortex
DW trajectory and we have recently shown that the same principle
applies for a TDWmoving through a Y-shaped structure35. As such,
we note that for a 1K , 2K TDW flowing through a branch
structure, the conservation of the topological defect will lead the
TDW to move along the upper edge of a Y shape structure.
Conversely, for a2K,1K winding number, the TDWwill move
to the lower branch of the Y shape structure.
We have experimentally verified this principle using the same

nanowire conduit dimensions as the rectifier structure. The topo-
logical detector is shown in the scanning electron microscope image,
Fig. 3(a). A nucleation pad with a transverse nanowire, acting as a
selector is used, so as to ensure proper control on the type of TDW

Figure 4 | (a) Scanning Electron Microscopy image of the geometrical modulation, rectifier, patterned along the nanowire conduit; Magnetic Force

Microscopy images of the topological rectifier with the rectifier; (b) At remanence, after saturation along the1y and1x direction respectively and, After

applying a field of 150 Oe along the2x direction. The lower branch of the detector switches as evidenced by the bright contrast. (c) At remanence, after

saturation along the 2y and 1x direction respectively, and after applying a field of 150 Oe along the 2x direction. The lower branch of the detector

switches as evidenced by the bright contrast.

www.nature.com/scientificreports
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being injected in the conduit. The selector sets the transverse com-
ponent of the DW exiting the nucleation pad. The Y-shape detector
comprises of two wires angled at ,670u from the horizontal. The
device comprises of Ta(5 nm)/Ni80Fe20(10 nm)/Ta(5 nm) thin film
grown using magnetron sputtering, with the bottom and top Ta
layers being a buffer and capping layers, respectively. The nanowire
conduit has a width, w, of 120 nm, to ensure that the TDW is the
stable configuration. The DWdetector and selector, both have a wire
width of 120 nm. The nanowire conduit length from the selector to
the detector is kept to 200 nm.
The topological detector was first tested to confirm that different

TDW configuration can be reliably detected. To test the detector, we
have carried out a systematic Magnetic Force Microscopy (MFM)
measurement. To create DW of specific topological charge [1K ,
2K or2K,1K], the chirality selector is first magnetized along
either the 1(2)y direction by applying a large saturation field
(500 Oe). The structure and nucleation pad are then saturated in
the 2(1)x direction by applying a field of (500 Oe). The initial
configuration of the detector, following the application of a satura-
tion field along the 1y and 1x direction, is shown in Fig. 3(b).
The selector is magnetized along the 1y orientation, as can be

clearly seen from the dark (north pole) and bright (south pole) con-
trast. The two ends of the Y-shape detector display a dark contrast,
indicating that the device is saturated along the1xdirection. Fromour
experiment, a field of 50 Oe is enough to nucleate aDWandmove it to
the bifurcation of the Y-shaped detector. The movement of the DW
from the bifurcation to the end of the Y-shaped detector is achieved by
the application of a linear field of 100 Oe. The resulting configuration
after the application of field of 100 Oe along the2x direction is shown

in Fig. 3(b). We observed that the contrast at the lower branch of the
detector switches to white, implying that the magnetization direction
of the branch has changed, Fig. 3(b). This is due to the fact that a TDW
with TTU (2K,1K) configuration is injected in the conduit and
the interaction of the DW with the junction of the Y-shaped detector
results in the TDW flowing into the lower branch of the detector.
TheMFM imagewhen the device is saturated along the2y and1x

directions is shown in Figure 3(c). As can be seen, the selector is set
along the2y direction. After the application of field of 100 Oe along
2x, the upper branch of the detector switches. This can be clearly
seen from Fig. 3(c). This implies that the TTD (1K, 2K) TDW
moves into the upper branch of the detector. OurMFM results reveal
that irrespective of the type of TDW (HH or TT), DW with winding
number of1K,2Kwill always flow in the upper branch andDW
with 2K , 1K will flow in the lower branch.
To test the rectifier structure, the angled rectangle is patterned

along the nanowire conduit, as seen in Fig. 4(a). The rectifier has a
width of,240 nm (,23w) and length,480 nm (,43w), angled
with respect to the horizontal axis, at,111u, for rectifier (Fig. 4(a)).
In Figure 4(b), we present the initial configuration of the rectifier.
The selector is set in the 1y direction, characterized by bright and
dark contrasts, and the spins along the conduit are aligned in the1x
direction. The rectifier is distinguished by a white and dark contrast
at the left and right hand edges, due to the accumulation of magnetic
charges at the edge. Increase in the magnetic field along the 2x
direction results in the injection of a TTUDW (2K,1Kwinding
numbers) into the conduit. The resulting MFM image after applica-
tion of a field of 150 Oe along the2x direction is shown in Fig. 4(b).
This results in the lower branch of the detector switching direction, as

Figure 5 | Spin state evolution as a TDW traverses through the rectifier for (a) TT TDW with DOWN chirality (1K , 2K edge defects), which
undergoes a controlled reversal from TDW to vortex DW and back to TDW with opposite edge defects, (b) TT TDW with UP chirality (2K,1K

edge defects) traverses through the structure via a controlled reversal to a TT TDW with DOWN chirality (1K , 2K edge defects).

www.nature.com/scientificreports
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evident from the MFM image of Fig. 4(b). This implies that the out-
put from the rectifier has 2K , 1K winding numbers. We infer
that the TTUDWdoes not undergo any topological rectification as it
moves through the rectifier.
The MFM configuration when the selector and conduit are mag-

netized along the 2y and 1x directions respectively, is shown in
Figure 4(c). As expected the selector has a bright and dark contrast
on the upper and lower edges. Following the application of a field of
150 Oe along the 2x direction, the contrast of the lower branch of
the detector changes to bright, as can be seen in Fig. 4(c). This
indicates that a DW with winding numbers of2K,1K, reached
the detector. As the nucleated DW has a topological edge defect of
1K , 2K, this implies that structure A effectively, rectifies the
output of any incoming DW to a 2K , 1K configuration. MFM
images as obtained for an array of rectifier structures are presented in
Supplementary information S2.

Topological Inverter of TDW. By changing the value of a, the angled
rectangle structure can be made to carry out topological inversion of
the edge defects. This is attributed to the right hand upper edge of the
structure influencing the DW motion. Our simulations reveal that for
inversion, a needs to be in the range of 3u to 8u. The micromagnetic
simulation with a set to 4u is shown in Fig. 5. The TTD DW (1K ,
2K), undergoes a similar spin transformation as previously described
for the rectifier structure. The output DW from the angled structure is
a TTU DW with edge defects of 2K , 1K.
Conversely, for a TTU DW flowing through the structure, a TTD

DW exits into the nanowire conduit. As discussed previously, as the
higher energy component of the TTUDW (1Kwinding number) is
at the lower edge of the nanowire, the lower half of the DW moves

into the structure. As the spins along the upper right edge follow the
contour of the angle structure, the 2K edge defect which depins
from the left edge cannot follow the 1K edge defect. Unlike the
rectifier, the 1K edge defect transforming into a vortex core at
the lower right hand-edge of the angled rectangle. The vortex core
adopts a clockwise configuration as the transverse spins component
was pointing along the1y direction. The vortex core moves towards
the upper right edge of the structure, injecting a TDW into the
nanowire conduit in the process. The TDW exiting the structure
has the transverse component along the 2y direction, i.e a TTD
DWwith1K,2K edge defects. As such, this structure performs
topological inversion of TDW. Similarly for a HHDW, if the input is
HHU (HHD) DW then the output will always be HHD (HHU) DW.

Experimental Verification of Inverter. The SEM image in Fig. 6(a),
shows the angled rectangle structure with ,14u orientation with
respect to the vertical axis. The initial configuration of the inverter
with the selector set in the2y direction and the spins in the conduit
aligned along the1x direction is shown in Fig. 6(b)I. Increasing the
magnetic field along the 2x direction results in the injection of a
TTD DW into the conduit. The resulting MFM image after
application of a field of 150 Oe along the 2x direction is shown in
Fig. 6(b)I. This results in the upper branch of the detector switching
direction, as seen from the MFM image of final configuration Fig. 6
(b)I. This implies that the DWhas undergone a topological inversion
and the output is a TTU DW.
The MFM configuration when the selector and conduit are mag-

netized along the 1y and 1x directions respectively, is shown in
Figure 6(b)II. Following the application of a field of 150 Oe along
the 2x direction, the contrast of the lower branch of the detector

Figure 6 | (a) Scanning Electron Microscopy image of geometrical modulation, inverter, patterned along the nanowire conduit; Magnetic Force

Microscopy images of the topological inverter with initial and final configuration for; (b)-I TTU DW, (b)-II TTD DW and (c)-I HHU DW and (c)-II

HHD DW.

www.nature.com/scientificreports
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changes to bright, as can be seen from the final configuration in Fig. 6
(b)II. As expected the output DW into the conduit is a TTD DW.
In Figure 6(c), the inverter operation for HH TDWs is presented.

The initial configuration of the inverter with the selector set in the1y
direction and the spins in the conduit aligned along the2x direction
is shown in Fig. 6(c)I. Increasing the field in the1x direction injects a
HHU TDW, with 1K , 2K edge defects into the conduit. The
final MFM configuration, in Figure 6(c)I, shows that the lower
branch of the detector has switched. As discussed previously, a
TDW with 1K , 2K would propagate in the upper branch of
the Y-shape detector. Thus, for the lower branch to switch, a TDW
with2K,1K edge defect should have moved to the bifurcation.
This confirms that the inverter flips the edge defects of the input
TDW to output a HHD TDW. Similarly when a HHD TDW is
injected into the conduit, the output from the inverter switched the
upper branch of the detector. This implies that the HHD (2K ,

1K) TDW has been transformed into a HHU (1K,2K) TDW.

Discussion
The above results show that it is possible to control the winding
numbers of TDW inmagnetic nanowires by exploiting the relaxation
process of a DW passing through an angled rectangle. This work
paves the way for technique employing DW profile (winding num-
bers) for performing logical operations. The TDW can be considered
as a mobile data bit and the information is encoded as the transverse
profile of the DW. This concept can be exported to chiral DWs in
materials with perpendicular magnetic anisotropy.
Even though the fabricated structures have slight variations, as

seen from the SEM image of Figs 4 and 5, the topological rectifica-
tion/inversion is still possible as evidence from the MFM measure-
ments. The variation in the shape of the structure does not affect the
rectification/inversion process, as the device exploits the inherent
internal DW profile for pinning/depinning at the modulation. This
shows that this technique is robust and can be applied experimentally
for various technological applications.
The field needed for the rectification/inversion operation is lower

in experiment as compared to micromagnetic simulation is attribu-
ted to thermally activated depinning36. A field of 150 Oe, for device
operation, may inevitably lead to Walker breakdown, which will
affect the integrity of the DW. The fidelity length of a TDWdecreases
asymptotically to around 350 nm at high fields37. Additionally, it has
been reported that edge defects along the nanowire conduit may also
lead to shift Walker breakdown to higher field38. For all our samples,
the nanowire conduit length between the nucleation pad to the rec-
tifier/inverter and subsequently the detector, is kept to 200 nm. This
is well below the reported fidelity length of TDWand ensures that the
integrity of our input and output DWs are not compromised.
However, for practical applications, the nanowire conduit may be
structurally modulated hereby stabilising DW and preserving its
chirality over large distances39.

Methods
Sample preparation. Thin films of Ta (5 nm)/Ni80Fe20 (10 nm)/Ta (5 nm) structure
were deposited on a thermally oxidized Si substrate by DC magnetron sputtering at
room temperature under a base pressure of,23 1028 Torr. Prior to film deposition,
the Si substrate was cleaned in acetone and isopropanol alcohol. The nanowires were
then defined by electron beam lithography followed by Ar ion milling and resist
stripping.

Experiment. TheMFMwas performed in phase detection mode using a lowmoment
Si - CoCr coated tip magnetized along the tip axis. For all our measurements, the tip
was magnetized to have a south pole induced at its apex. The lift scan height was
50 nm. All MFM images are taken at quasi-remanent state, after applying and
removing the external field.

Micromagnetic Simulation. Micromagnetic simulations were carried out using
Object Oriented Micromagnetic Framework (OOMMF) code from the National
Institute of Standards and Technology40. The intrinsic parameters used in the
simulations for Ni80Fe20 are: saturation magnetization, Ms 5 860 3 103 A/m,

exchange constant, A5 1.33 10211 J/m, anisotropy constant, K5 0 and a damping
constant a 5 0.01. A unit cell size of 5 3 5 3 5 nm3 was used in the simulation.
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