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Abstract
Current-induced domain wall (DW) motion in ferromagnetic nanostructures is an important research area to realize spin-
based logic devices. Using micromagnetic simulations, we have designed and demonstrated a NOT gate logic operation 
via DW chirality flipping in a ferromagnetic nanostructure with an anti-dot. The DW chirality flipping is due to the Walker 
breakdown occurring at the anti-dot structure. The DW configuration transforms from a transverse DW (TDW) to an anti-
vortex DW and back to TDW, however, with opposite chirality when driven by a particular current density. The device is 
capable of bidirectional operation, wherein the DW driven in both directions undergoes chirality flipping. The DW speed 
is a critical parameter for the logic operation. The dimensions of the anti-dot govern the DW speed; thus, the successful 
operation is seen only below the critical anti-dot width. Moreover, the DW needs to travel a certain distance before it can 
undergo Walker breakdown, making the anti-dot length also a key parameter. Finally, the current density is a pivotal factor 
in the logic-gate operation. At relatively lower current densities, the DW does not undergo Walker breakdown, whereas it 
may undergo Walker breakdown with several transformations before it reaches the output at higher current densities. We 
have shown the window of successful NOT gate logic operation, as a function of anti-dot width, length, and current density.
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1 Introduction

Domain walls (DWs) in ferromagnetic nanostructures have 
shown great promise for the realization of novel spintronic-
based memory and logic devices [1–4]. The DW that sepa-
rate two domains in ferromagnets are also interesting for 

fundamental understanding of magnetization reversal. In 
general, the Nѐel DWs are stable configurations in the in-
plane ferromagnetic nanostructures. These Nѐel DWs are cat-
egorized into transverse or vortex depending on the nanowire 
dimensions. In relatively narrow structures, transverse DW 
(TDW) is highly stable. The TDWs are characterized as head-
to-head or tail-to-tail based on the two domains that it sepa-
rates [5, 6]. In addition, the TDW has an additional degree of 
freedom called chirality. The transverse magnetization either 
pointing “UP” or “DOWN” defines the chirality of the TDW. 
The DW chirality plays an important role in the DW motion 
in nanowires [7–13]. Specifically, the DW pinning strongly 
depends on the chirality [9, 11, 14, 15]. Recently, there has 
been a lot of interest to explore the DW chirality as a logic bit 
to execute the binary logic operations for spin-based compu-
tation [16]. Goolaup et al. [3] have utilized the DW chirality 
as a binary bit and demonstrated NOT gate operation by flip-
ping the chirality during the motion in a canted rectangular 
structure integrated within the nanowire. The field-driven 
TDW transforms into vortex and back to TDW configurations 
as per the dimensions. The whole operation flips the chirality 
of TDW at the output. Omari et al. [12, 16] have shown the 
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DW chirality rectification in nanowires designed with con-
strictions. The chirality-encoded DW-based universal logic 
operations are realized in the ferromagnetic nanostructures. 
Current-induced DW motion via spin-transfer torque has 
attracted significant attention for device applications. The 
DW speed driven by current reaches a maximum value and 
drops abruptly due to Walker breakdown [17]. Walker break-
down is a phenomenon, where the DW structure breaks down 
due to which its speed drops significantly. There are reports 
in which Walker breakdown has been exploited for DW pin-
ning and depinning at the notches in ferromagnetic nanowires 
[18]. In addition, J Vandermeulen et al. [19] have exploited 
the Walker breakdown phenomenon in a nanowire to dem-
onstrate memory and logic operations. The chirality flipping 
in a nanowire is considered for logic operation. However, 
identifying the input and output positions is challenging as 
Walker breakdown largely depends on applied current den-
sity. In this work, we explore the Walker breakdown to realize 
the NOT gate logic operation by flipping the chirality of the 
TDW driven by the current in a ferromagnetic nanowire with 
an anti-dot to deterministically position the input and output 
of the logic functionality. We induce the Walker breakdown 
at an anti-dot structure that leads to the transformation from 
TDW to anti-vortex DW and back to TDW. Our design is also 
capable of bidirectional logic operations. We have systemati-
cally investigated the effect of device dimensions and current 
density for a successful NOT gate logic operation.

1.1  Simulation Method

In this study, we have used a rectangular ferromagnetic 
nanowire,  Ni80Fe20 (permalloy) of dimensions with a length 
of 5 µm, width of 200 nm, and thickness of 10 nm. To study 
the current-induced NOT gate logic operation, an anti-dot 
was introduced inside the nanowire. The anti-dot has a rec-
tangular geometry placed at the center of the nanowire with 
a length of 1 µm with varying anti-dot widths  (ADW) from 
20 to 70 nm as shown in schematic Fig. 1a. In addition, we 
have varied the anti-dot lengths  (ADL) from 0.6 to 1 µm. 
The presence of anti-dot leads to the nanowire to be seen as 
two branches above and below, namely the upper and lower 
branch, respectively. As the anti-dot width is increased, the 
width of upper and lower branches reduces accordingly. The 
material parameters are considered for  Ni80Fe20 (permal-
loy) where the saturation magnetization, Ms is 860 ×  103 
A/m, zero magneto-crystalline anisotropy, and exchange 
constant A = 1.3 ×  10−11 J/m [14, 20, 21]. The geometry is 
divided as a cell size with a unit cell volume of 5 × 5 × 5  nm3  
in all our simulations. The cell size of 5 nm is chosen close 
to the exchange length of permalloy [22]. We used the 
Object Oriented Micromagnetic Framework (OOMMF)
[23] with spin-transfer torque term incorporated to the 
Landau–Lifshitz–Gilbert (LLG) equation to simulate the 
current-induced NOT gate operation [6, 24, 25]. The LLG 
equation including the spin torque can be written as follows:

Fig. 1  a Schematic representation of the ferromagnetic nanowire with 
an anti-dot at the center.  ADW stands for anti-dot width. b Spin con-
figuration of four possible types of transverse DWs with correspond-
ing winding numbers identified, where (i) HHU is head-to-head spin 
configuration with “UP” chirality; (ii) HHD is head-to-head spin 
configuration with “DOWN” chirality; (iii) TTU is tail-to-tail spin 

configuration with “UP” chirality; and (iv) TTD is tail-to-tail spin 
configuration with “DOWN” chirality. c Spin configuration of two 
possible types of anti-vortex DWs with corresponding winding num-
bers identified, where (i) HH-AV is head-to-head anti-vortex DW, and 
(ii) TT-AV is tail-to-tail anti-vortex DW
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The first term on the right-hand side in the equation relates 
to the torque exerted on the magnetization vector, M, by the 
effective magnetic field, Heff. The time lapse (t) for each 
magnetization configuration snapshot of the DW motion has 
been recorded. The second term describes the Gilbert damp-
ing torque, parametrized by the Gilbert damping constant 
(α) which is fixed at 0.005 in our simulations. The last two 
terms are the spin-transfer torque terms which incorporate 
the two mechanisms, adiabatic and non-adiabatic torques, 
respectively. The non-adiabatic constant (β) is chosen as 0.04 
in our simulations. The effective drift velocity of the conduc-
tion electron spins ( u ) is defined by the following:

where J is the current density, p is the spin polarization 
which is assumed to be 0.7 in our simulations, Ms is the 
saturation magnetization, µB is the Bohr magneton, e is the 
electron charge, g is Lande’s g factor.

2  Results and Discussion

Figure  1a shows the schematic of the device structure 
employed for realizing the NOT gate operation. The device 
structure consists of a rectangular ferromagnetic nanowire 
with an anti-dot placed at the center. The nanowire dimensions 
are chosen to stabilize a TDW. We have relaxed a TDW with 
a specific chirality from the left side of the nanowire, and we 
have driven the DW using the current-induced spin-transfer 
torque [6]. The TDW can be either head-to-head (HH) or tail-
to-tail (TT) depending on the relative orientation of the two 
domains it is separating. In addition, TDW can have another 
degree of freedom which is chirality that depends on the rota-
tion of spins within the DW. If the transverse magnetization 
of the TDW is aligned towards + Y direction, it is termed as 
the “UP” chirality, whereas if the transverse magnetization 
is along − Y direction, it is termed as the “DOWN” chirality. 
The TDWs are characterized by topological charges (winding 
numbers) of + ½ and − ½, when all the spins either converge 
or diverge is represented as + ½ and two spins converge and 
one diverge or vice-versa is represented as − ½. The spin con-
figuration of all four possible types of TDWs and the two 
types of anti-vortex DWs with their corresponding winding 
numbers identified are shown in Fig. 1b and c, respectively. 
Figure 1b(i–iv) depicts the transverse spin structures of HH 
DW with UP chirality (HHU), HH DW with DOWN chirality 
(HHD), TT DW with UP chirality (TTU), and TT DW with 
DOWN chirality (TTD), respectively. Figure 1c(i) and (ii) 
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shows anti-vortex (AV) spin structures for HH-AV and TT-AV 
DWs with the corresponding winding numbers, respectively. 
The anti-vortex core is represented by − 1, whereas the two 
bases of the triangular spin configuration are represented 
by + ½ (going with the same definition of topological charges 
stated above for TDWs) [26].

In this study, the binary bits are assigned to the chirality 
of the TDW. The UP chirality is defined as “1,” and DOWN 
chirality is defined as “0” to execute the logic functionali-
ties. In order to demonstrate the NOT gate operation, we 
have relaxed a HHU in the ferromagnetic nanowire and 
driven along the + X direction by the virtue of the current-
induced spin-transfer torque (Fig. 2a). The driving current 
density (Jx) is fixed at 1.48 ×  1012 A/m2 in all our simulations 
unless mentioned. The DW reaches the anti-dot and gets 
pinned at the left edge of the nanowire. The DW initially 
gets pinned before it gets split into two TDWs of the same 
type and chirality (in this case, HHU) (Fig. 2b). One of the 
HHUs stays pinned at the left edge of the anti-dot, while 
the other HHU progresses through the upper branch due 
to splitting as shown in Fig. 2c. The DW transverse energy 
is responsible for this selective depinning mechanism. The 
DW transverse energy is relatively large at the base of the 
triangular shape as compared to the vertex [27]. Thus, the 
DW with base pointing towards the pinning site cannot 
progress further. However, the DW with vertex pointing 
towards the pinning site (anti-dot) progresses. Interestingly, 
the HHU that progresses in the upper branch undergoes a 
transformation from transverse to anti-vortex state (HH-AV) 
at the constant current density (Fig. 2d). This phenomenon is 
famously known as Walker breakdown [28]. The DW once 
reaches to a maximum speed, the excess energy drives the 
DW transformation from transverse to anti-vortex state and 
back to transverse. This transformation occurs periodically 
leading to an abrupt drop in the DW speed. In this case, the 
anti-vortex core is nucleated from the vertex of the TDW. 
The anti-vortex core is associated with − 1 winding number. 
The nucleation leaves + ½ winding number at the bottom, 
where it was nucleated. Consequently, there are two + ½ at 
the bases and one − 1 at the core of the anti-vortex DW. The 
process follows the conservation of winding number before 
and after transformation from transverse to anti-vortex state. 
When an anti-vortex DW (HH-AV) is driven by the current, 
the core moves transverse to the direction of the DW motion. 
In this case, the anti-vortex core moves towards + Y direc-
tion, leading to the annihilation of the anti-vortex core and 
leaving behind − ½ vertex at the top edge of the anti-dot. 
This leads to the transformation of the anti-vortex DW (HH-
AV) back to the transverse DW configuration at the other 
end of the anti-dot. Interestingly, the anti-vortex transforms 
into HHD flipping the chirality of the initial TDW. This pro-
cess has flipped the chirality of the HHU into HHD, leading 
to the transformation of input “1” to output “0” as shown in 
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the schematic with the complete process of various steps 
(Fig. 2f).

To demonstrate the complete NOT gate logic operation, 
we have relaxed the DW with opposite chirality as com-
pared to the previous case. As shown in Fig. 3a, we have 
relaxed a HHD DW in the nanowire and driven towards the 
anti-dot. Similar to the previous case, the HHD splits into 
two HHDs at the anti-dot as shown in Fig. 3b. The DW 
with a vertex pointing towards the anti-dot progresses fur-
ther owing to the transverse DW energy as discussed above 
(Fig. 3c). The HHD while progressing in the lower branch 
transforms into a head-to-head anti-vortex DW (HH-AV) 
as shown in Fig. 3d. Here, the anti-vortex core is nucle-
ated from the vertex of the TDW similar to the previous 
case. The anti-vortex core is associated with − 1 winding 
number. The nucleation leaves + ½ winding number at the 
top, where it was nucleated. Consequently, there are two + ½ 
at the bases and one − 1 at the core of the anti-vortex DW. 
The process follows the conservation of winding number 
before and after the transformation from transverse to anti-
vortex state. The anti-vortex core “ − 1” moves transverse 
with respect to the DW motion along − Y direction. It is 
to be noticed that the anti-vortex core always moves away 
from the nucleation point and gets annihilated at the other 
end of the anti-dot. This leads to the flipping into opposite 
chirality, HHU (Fig. 3e). This process results in the transfor-
mation of input “0” to output “1” as shown in the schematic 

with the complete process of various steps (Fig. 3f). The 
whole process results in the successful current-driven DW 
chirality-based NOT gate logic operation in the proposed 
device structure.

We have also performed micromagnetic simulations to 
emulate NOT gate logic operation with TT DW. We have 
observed TTU flipping into TTD and vice-versa via transfor-
mation through the TT anti-vortex DW (TT-AV). The results 
are shown in Supplementary Information-I and II.

To get an insight on bidirectionality of the device opera-
tion, we have relaxed HHU in the right side of the nanow-
ire (Fig. 4). The DW is driven by the current along the − X 
direction. The DW now gets pinned at the right edge of the 
anti-dot and gets split as per the transverse DW energy. 
Similar to the above case, the HHU transforms into an anti-
vortex state and back to HHD due to the Walker breakdown 
(Fig. 4b–e). We have also driven the HHD which turned into 
HHU via anti-vortex when driven by current in −X direction 
(Supplementary Information-III). The results highlight the 
bidirectional functionality of the NOT gate logic operation 
using this device structure.

To gain insight on the effect of device dimensions on 
the successful logic operation, we have varied the anti-dot 
width from 20 to 70 nm and anti-dot length from 0.6 to 
1 µm. Figure 5a shows the phase diagram of success and 
failure cases of the NOT gate operation as a function of 
anti-dot dimensions. The driving current density, Jx, is fixed 

Fig. 2  a Snapshot images of 
the magnetization configura-
tion along with time stamp 
(as denoted at the right end), 
when a HHU DW is relaxed 
and driven by the application of 
current with current density, Jx, 
of 1.48 ×  1012 A/m2 along + X 
direction in the nanowire with 
 ADW of 50 nm and  ADL of 
1 µm; b splitting of HHU into 
two HHUs, wherein one HHU 
gets pinned at the left side of 
the lower branch of the AD and 
the another HHU progresses 
through the upper branch of 
the AD; c progress of HHU 
through the upper branch of 
AD; d transformation of HHU 
transverse DW into HH anti-
vortex DW (HH-AV) as shown 
in zoomed view in the upper 
branch of the AD; e transforma-
tion of the HH-AV DW back to 
the transverse HHD at the other 
end of the anti-dot showing chi-
rality flipping of HHU to HHD; 
and f schematic representation 
of the various steps of chirality 
flipping from HHU to HHD
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Fig. 3  a Snapshot image of 
the magnetization configura-
tion along with time stamp 
(as denoted at the right end), 
when a HHD DW is relaxed 
and driven by the application of 
current with current density, Jx, 
of 1.48 ×  1012 A/m2 along + X 
direction in the nanowire with 
 ADW of 50 nm and  ADL of 
1 µm; b splitting of HHD into 
two HHDs, wherein one HHD 
gets pinned at the left side of 
the upper branch of the AD and 
the another HHD progresses 
through the lower branch of 
the AD; c progress of HHD 
through the lower branch of 
AD; d transformation of HHD 
transverse DW into HH anti-
vortex DW (HH-AV) as shown 
in zoomed view in the lower 
branch of the AD; e transforma-
tion of the HH-AV DW back to 
the transverse HHU at the other 
end of the anti-dot showing chi-
rality flipping of HHD to HHU; 
and f schematic representation 
of the various steps of chirality 
flipping from HHD to HHU

Fig. 4  a Snapshot image of 
magnetization configuration 
along with time stamp (as 
denoted at the right end), when 
a HHU DW is relaxed and 
driven by the application of 
current with current density, Jx, 
of 1.48 ×  1012 A/m2 along − X 
direction in the nanowire with 
 ADW of 50 nm and  ADL of 
1 µm; b splitting of HHU into 
two HHUs, wherein one HHU 
gets pinned at the right side of 
the lower branch of the AD and 
the another HHU progresses 
through the upper branch of 
the AD; c progress of HHU 
through the upper branch of the 
AD; d transformation of HHU 
transverse DW into HH anti-
vortex DW (HH-AV) as shown 
in zoomed view in the upper 
branch of the AD; e transforma-
tion of the HH-AV DW back to 
the transverse HHD at the other 
end of the anti-dot showing chi-
rality flipping of HHU to HHD; 
and f schematic representation 
of the various steps of chirality 
flipping from HHU to HHD
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at 1.48 ×  1012 A/m2 for all cases. The green triangle repre-
sents the successful working operation whereas the red circle 
represents failure. We have observed a successful operation 
at a relatively larger length of the anti-dot. It is due to the 
time required for the DW transformation from transverse to 
anti-vortex and back to transverse during the progression 
through the branch. For example, at the anti-dot length of 
0.6 µm with various anti-dot widths, we observe failure in 
most cases. This is because the DW splitting takes place at 
the left edge and one of the DW that progresses reach the 
right edge even before the transformation from transverse 
to anti-vortex occurs. In contrast, we have observed a suc-
cessful operation for  ADL of 0.8 µm and  ADW of 40 nm. 
This is due to the fact that the DW travels a relatively longer 
distance before it reaches to the right edge allowing it to 
transform into the anti-vortex configuration ultimately 

leading to the chirality flipping. It is interesting to note that 
the anti-dot width also plays a crucial role for successful 
operation. When the AD width is relatively low, the prob-
ability of success is higher at a particular AD length. How-
ever, we have observed failure of logic operation due to the 
absence of chirality flipping when the AD width is relatively 
higher. This can be explained from the view of DW speed as 
a function of AD width. The DW speed at a particular cur-
rent density largely depends on the branch widths which in 
turn depends on the AD width. The DW speed reduces as the 
branch width comes down due to increase in AD width. The 
DW experiences relatively larger obstruction while progress-
ing through the lower branch widths, causing a drop in their 
speeds. Thus, the TDW requires to travel longer distances in 
order to undergo the transformation (or Walker breakdown).

Figure 5b shows the phase diagram corresponding to the 
successful operation as a function of current density and 
anti-dot width by keeping the length unchanged at 1 µm. At a 
relatively lower current density, we have not observed NOT 
gate operation that is the chirality flipping. The DW chirality 
stays unchanged while moving through the branch. It means 
there is an absence of Walker breakdown at relatively lower 
current densities. For example, at Jx of 1.2 ×  1012 A/m2 and 
 ADW = 50 nm, we observe the absence of Walker breakdown 
due to lower current densities and low speed of the DW. This 
can be understood from the DW speed at a particular current 
density. The DW speed is lower than the threshold speed for 
the Walker breakdown to take place when the driving current 
densities are lower. However, when the current density is 
increased, we have observed successful operation as the DW 
attains a required speed before it undergoes breakdown. For 
example, at Jx values of 2.12 ×  1012 A/m2 and  ADW = 50 nm, 
we observe the presence of Walker breakdown and a suc-
cessful NOT gate logic operation. These observations reveal 
the importance of Walker breakdown for the DW trans-
formation associated with the chirality flipping to realize 
NOT gate operation. However, when the current density is 
higher than 2.8 ×  1012 A/m2, for the same AD width, we have 
observed failure as the DW speed also scales, and it leads 
to the multiple transformations between the transverse to 
anti-vortex, due to Walker breakdown. This makes the logic 
functionality stochastic that can be either success or failure 
depending on the dimensions of the nanowire and anti-dot.

3  Conclusions

In summary, we have demonstrated a DW-based NOT gate 
logic operation enabling the DW chirality as a binary bit. 
The Walker breakdown caused by the current-driven DW 
motion is the key in achieving the chirality flipping. Inter-
estingly, the design is suitable for bidirectional operations. 
The DW transformations from transverse to anti-vortex led 
to the chirality flipping. The branch width does not support 

Fig. 5  Working window of NOT logic operation for varying anti-dot 
(AD) width (nm) as a function of a AD length (µm) and b current 
density, Jx, (×  1012 A/m2) for a fixed  ADL of 1 µm
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the stabilization of the anti-vortex due to which it transforms 
back to transverse, however, with opposite chirality. The 
dimensions of the anti-dot are found to play a pivotal role via 
affecting the DW speed and in turn, the chirality flipping. 
Moreover, the anti-dot length should be chosen suitable for 
the DW transformation from transverse to anti-vortex back 
to transverse for successful operation. The relatively low 
current density does not lead to the Walker breakdown, and 
the high current density leads to multiple transformations, 
both resulting to the failure of NOT gate operation.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10948- 023- 06686-2.
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