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Majority gate for two-dimensional ferromagnets lacking inversion symmetry
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The manipulation of topologically protected field configurations such as skyrmions, merons, and antimerons,
already predicted and experimentally observed in noncentrosymmetric magnets, could definitely have potential
applications in logic gate operations as carriers of information. Here, we present and elaborate a proof of
concept on how to construct a three-input noncanonical majority gate on a kagome ferromagnet lacking inversion
symmetry. By taking advantage of the existence of edge modes in a kagome magnet, it is possible to create
topological excitations such as merons and antimerons at the edge of the material. Using atomistic spin dynamics
simulations, we determine the precise physical conditions for the creation and annihilation of merons and
antimerons and, in a second stage, we describe the majority gate functionality.
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I. INTRODUCTION

Conventional microelectronic integrated circuits (ICs)
work by controlling the flow of electrons through transistor
switches. In addition to electrical charge, electrons have an-
other degree of freedom given by the spin, thus permitting
alternate representations of binary digits. This fact is key
for a new technology named spintronics, in which the spin
and the charge of the electron are used to represent bits and
carry out data processing. In general, this technique promises
lower-powered, higher-speed, and nonvolatile devices [1]. A
basic logic gate, such as AND or NOT, is an idealized model
of computation or physical electronic device implementing a
Boolean function, that is, a logical operation performed on
one or more binary inputs that produces a single binary output.
Thus, a logical gate allows the digital IC to combine numbers
from memory in arithmetic calculations. The aforementioned
gates are based on the concept of comparing two input chan-
nels (with values 0 or 1) and producing an output (with values
0 or 1) depending on the operation.

More complex operations involve the so-called majority
gate. In contrast to basic gates, the majority gate has a num-
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ber of inputs bigger than 2 and the output is governed by
the majority of its inputs. Thus, if more than 50% of the
input is 1 then it will produce 1, otherwise zero [2,3] .
Recently, the research in spintronics has accelerated in an
effort to find an alternative to the existing complementary
metal-oxide-semiconductor-based electronics. Several phys-
ical phenomena have been exploited to develop novel spin
logic devices [4–6]. Their main concepts are based on the
manipulation of domain walls [7–10], but it is has been ad-
dressed that these magnetic nanostructures are affected by
pinning due to material defects [11]. More recently, other
spin structures, known as skyrmions, have been actively and
intensively studied [12]. Magnetic skyrmions [13–19] are chi-
ral spin configurations that can be found either in magnetic
materials with a noncentrosymmetric crystal structure or in
ultrathin films in which the inversion symmetry is broken
by the presence of nonequivalent interfaces. Skyrmion states
are generally present in systems lacking inversion symmetry
and with nonzero Dzyaloshinskii-Moriya interactions [19–22]
(DMIs). Because of their topological nature, the magnetic
skyrmions are argued to be protected, and consequently sta-
ble, similarly to the other skyrmionic configurations first
predicted in elementary particle physics [23]. These con-
figurations were later found in other fields of physics
such as magnetism, liquid crystals [24], and Bose-Einstein
condensates [25].

A magnetic skyrmion is argued to be topologically stable
because it carries a topological number [26,27]. The skyrmion
can be destroyed or created at the edges of structures and
can be manipulated by application of external fields or cur-
rents [28,29]. Skyrmions have proved to be more robust to
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pinning compared to domain walls [13] and, based on these
properties, several skyrmion-based logic devices [30–32] have
been proposed. The skyrmion velocity in these devices is
limited by its transverse displacement due to the Magnus force
[33]. In order to avoid the latter effect, antiferromagnetically
coupled magnetic bilayer systems have been proposed, where
the skyrmions are nucleated in each of these layers [34],
such that the Magnus force cancels out. However, in such
cases, engineering of the materials is of great importance in
order to obtain perfect coupling of the skyrmions. On top
on that, inside one material/structure, one can have only one
type of skyrmion. Thus, a majority gate can be constructed
only in a implicit sense, i.e., two channels must first interact
with each other independently, and then, the output result
must interact with a third channel in order to produce the
final output.

In addition to the discovery of skyrmions, there has also
been a great effort in searching for new forms of topological
structures. One promising structure is the so-called meron,
which was originally described in the context of quark con-
finement [35,36] and identified in condensed matter physics
as a magnetic vortex, topologically equivalent to one-half
of a skyrmion. Merons have been mainly studied in magne-
tized film systems, as they are more accessible experimentally
due to the intrinsic demagnetization field [37]. Individual
merons have been reported to exist only in confined geome-
tries [37–39]. In a system film, merons must exist in pairs
(a meron and its counterpart antimeron) or groups [40,41].
Experimentally, multiple vortices were observed as transient
states [42,43] or in aggregated groups [44]. Recently, the
topologically nontrivial meron lattice was observed in the
chiral magnet Co8Zn9Mn3 [45] in the form of square lattices
which transform into a hexagonal lattice of skyrmions in
the presence of a magnetic field at room temperature. More-
over, observations with decreasing temperature reveal that
the square lattice of merons and antimerons relaxes to non-
topological in-plane spin helices, highlighting the different
topological stability of merons, antimerons, and skyrmions.
For the aforementioned reasons, we turn our attention to the
kagome ferromagnet. For a complete definition of a kagome
ferromagnet see Refs. [46,47]. As a crystal structure, the
kagome lattice is composed of two triangular lattices, one with
lattice constant a and the other with lattice constant 2a, so that
there exist large empty hexagonal spaces in the crystal geom-
etry. Skyrmions and merons are appealing for applications in
information storage or logic devices. However, they need to
meet several requirements in order to be useful for magnetic
applications, namely, they need to have high mobility, small
size, and should allow for full control of the direction of
movement. In this article, we report on the conditions under
which controlled topological structures (with special attention
to merons and antimerons) are created in a kagome lattice, and
we show that this system has very interesting technologically
relevant properties.

The rest of the article is organized as follows: In Sec. II,
we introduce the theoretical model together with the coupling
parameters used in the method. After establishing the physical
conditions for controlling the creation and annihilation of
merons and antimerons in Sec. III, we describe in detail the
majority gate functionality of a two-dimensional (2D) kagome

magnet in Sec. IV. The article concludes with a brief summary
and discussion of the reported results in Sec. V.

II. THEORETICAL MODEL

Our theoretical modeling is based on the following Hamil-
tonian:

H = −
∑
i, j

[Ji jsis j + Di jsi × s j] − gμB

∑
i

siBi, (1)

where i, j denote first-neighbor indices, si is the atomic mag-
netic moment with |si| = 2μB, Ji j is the exchange interaction,
and Di j is the vector form of DM interaction. The last term
represents the Zeeman term under the influence of a local
external magnetic field Bi. Here, we assume that the Heisen-
berg exchange and Dzyaloshinskii-Moriya interaction are the
same for every interacting pair of atoms, so that, Ji j = J and
|Di j | = D.

The relevant factor in our analysis is represented by the ra-
tio between the antisymmetric (D) and isotropic (J) exchange
interactions, namely D/J . This ratio captures the response of
our simulated system. In experiments [48], for the Lu2V2O7

vanadate with kagome planes along the [111] direction, the
ratio D/J has been found to be as high as 0.32. In the cal-
culations shown on this work, and in order to mimic realistic
materials, J was set constant to be 1 mRy while D was varied
from 0.1 to 0.4 mRy in steps of 0.1 mRy.

In order to capture the dynamical properties of spin
systems at finite temperatures, we used an atomistic spin
dynamics (ASD) approach (as described, e.g., in Ref. [49]).
The equation of motion of the classical atomistic spins at
finite temperature is governed by the Langevin dynamics via
a stochastic differential equation, normally referred to as the
atomistic Landau-Lifshitz-Gilbert equations, which can be
written in the form

∂si

∂t
= − γ

1 + α2
si × [Bi + bi]

− γα

(1 + α2)|si| si × (si × [Bi + bi]), (2)

where γ is the gyromagnetic ratio and αi denotes the site-
depended damping. The effective field Bi = −∂H/∂si acts on
each site and the stochastic field bi introduces thermal fluctu-
ation effects at a temperature T . The latter is assumed to be a
Gaussian random process obeying the following equations:

〈bi,m(t )〉 = 0,

〈bi,m(t )b j,n(t ′)〉 = 2αkBT

|si|γ δi jδmnδ(t − t ′), (3)

where i, j represent site indices and m, n represent Cartesian
coordinates of the field and kB is the Boltzmann constant.

The skyrmion number represents a topological index of the
field configurations and is evaluated here as

R = 1

4π

∫
S

ŝ ·
(

∂ ŝ
∂x

× ∂ ŝ
∂y

)
dx dy, (4)

where ŝ is the unit vector of the local magnetization and S
is the surface surrounding the size of the skyrmion. In this
work, the integration surface S is defined as a region with
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FIG. 1. Fragment of the simulation cell in the shape of a kagome
lattice. The box highlighted in red represents the unit cell used in this
article and it is composed of six atoms, as shown in the magnified
section.

10 × 10 unit cells with the central cell defined as the one in
which we found the lowest negative value of the magnetiza-
tion’s z component, which in general is expected to be located
the center of a meron/antimeron particle. The sign of the z
component of the magnetization in the central cell determines
if the particle is a meron (negative sign) or an antimeron
(positive sign).

We apply here atomistic spin dynamics calculations on a
monolayer of 400 × 40 cells of the ferromagnetic kagome
lattice. In order to provide information about the real size
of the system, we consider as an example, the frustrated
itinerant kagome ferromagnet Fe3Sn2. The crystal structure
of Fe3Sn2 was found to be best described by the space
group R3̄m [50]. The Fe ions occupy the 18h crystallographic
site (0.4949,−0.4949, 0, 1134), and form bilayers of offset
kagome lattices. The first-neighbors Fe-Fe distance in the
planes containing the kagome lattice is 2.754 Å and the
refined values of the lattice parameters are a = b = 5.344,
c = 19.845 Å with respect to the tripled hexagonal unit cell.
In consequence, a realistic size of the calculated kagome
monolayer would be ∼0.21 × 0.04 μm. In Fig. 1, a por-
tion of the simulation domain is shown with the unit cell
framed by a rectangular red region. We have used six atoms
per unit cell with the aim to describe the system with or-
thogonal unit vectors along x and y Cartesian axis. As the
kagome lattice lacks inversion symmetry, a nonzero DM
interaction can exist. The DM vectors have components nor-
mal and perpendicular to the kagome plane, as shown in
Fig. 11 in the Appendix, inducing a frustration of the DM
interaction [46].

Before performing ASD simulations, the ground state of
the system was found by using an annealing protocol, ap-
plied under a magnetic field of 0.1 T in the whole sample
for ruling out any degenerate state at zero external magnetic
field. Under these conditions, the ground state of the sys-
tem is noncollinear but almost a ferromagnetic state. The
word “almost” refers here to the fact that a tilting of the
moment appears due to the DM interaction, which is en-
hanced by increasing the DM strength. See the Appendix for
further details.

A local external magnetic field is applied parallel to the sur-
face normal of the lattice, in a region with dimension xc × yc

cells, which induces an excitation of the system. The size of
this perturbation is important as for very small excitations,
smaller than 11 × 4 cells, no merons were found to be created.

On the other hand, for excitations with large size, larger than
16 × 7 cells the most frequent solution was the creation of a
meron-antimeron pair. The optimal size of the excitation cell
for the stable creation of merons or antimerons was found
to be 13 × 6 cells and 12 × 5 cells for D < 0.25 mRy and
D > 0.25 mRy, respectively. It has to be noted here that also
different sizes of the excitation regions were used, so that the
same concept also applies for semicircular excitation shapes.
For the sake of simplicity, we here discuss only results from
excitations that had a shape from xc × yc cells.

III. CONTROLLING THE CREATION OF MERONS AND
ANTIMERONS

In this work, we present an idea of creating a majority
gate on a single material. For this reason, we focus our
study on a kagome ferromagnet. It has been demonstrated
that in a kagome ferromagnet edge modes exist leading to
the formation of meron-antimeron pairs by applying external
excitations on the edge [46]. The meron-antimeron particle
stabilization depends on the balance between J and D. As
merons and antimerons are particle and antiparticle solutions,
they possess opposite momentum and, therefore they move
in opposite directions on the same edge of the kagome lattice.
For the same reason, these two structures annihilate each other
in a collision event. Thus, in a kagome lattice, we have the
opportunity to create two different bits, the meron and the
antimeron, and there exists an internal procedure (annihila-
tion) by which these two objects can be compared, as they
move in different directions. These properties, alongside the
size and direction of D with respect to J , makes a magnetic
material sustaining a kagome lattice a candidate for a ma-
jority gate functionality, as anticipated in Sec. V. For the
gate to be functional, a controllable way of creating isolated
meron/antimerons is mandatory. We consider here magnetic
excitations of a 2D kagome lattice, by applying a local torque.
For the sake of simplicity, the local torque is produced by a
local magnetic field normal to the kagome strip. We assume
a very low temperature (T = 1 mK) in the majority of our
simulations, unless stated otherwise. The choice of low tem-
perature was made since the simulated results are easier to
observe then. This does not prevent the functionality of the
proposed system to be operative also at higher temperatures.
By allowing an external field to act locally at different times,
th, we can create isolated merons/antimerons on the edges of
the kagome stripe.

The excitation time, th, cannot be smaller than the reversal
time, tr , the latter being defined as the time needed to reverse
the magnetization in the initial region of excitation. In order
to reverse the direction of the local moments by using a local
external field with opposite direction to the atomic spins, the
field has to be bigger in intensity than the local effective
field induced by the Heisenberg exchange and Dzyaloshinskii-
Moriya interactions. After this condition is fulfilled, the lower
the field is, the higher the tr required to reverse the orientation
of the atomic magnetic moments. For the extraction of tr ,
we apply the local field and measure the time at which the
mean moment value of the excited region reaches the value of
−0.8MS , where MS is the mean initial moment of the excited
region. Since a very tiny and local region needs to be reversed,
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FIG. 2. Simulated reversal time, tr , plotted with respect to the
localized external field applied on the excited region for different
strengths D of the Dzyaloshinskii-Moriya interaction. The other pa-
rameters used in this simulation are J = 0.1 mRy and α = 0.01.

a high and very localized external field is needed to break
the atomic exchange interactions. Thus, we need to identify
a proper field-time pair to achieve the desired excitation. Fig-
ure 2 shows the variation of tr with respect to the external field
strength for different values of D. In our simulations th ranges
in the interval [1.5,2.5] ps.

As shown in Fig. 2, increasing D causes the reversal time
to decrease as the noncollinearity of the magnetic structure
is enhanced and, consequently, the atomistic isotropic inter-
actions are softened. For the selected values (J = 1 mRy,
D = 0.1–0.4 mRy), a field of 1500 T is needed to achieve
local reversal in a time close to 3 ps. With the aim to shorten
the simulation time, we applied magnetic fields of the order
of 104 T in the rectangular region for the majority of the
simulations presented in this work. The highly nonlinear pro-
cess of the meron/antimeron creation makes the construction
of a solid model extremely difficult for predicting with high
accuracy if the outcome of the excitation in the rectangular
region will be either a meron or an antimeron. However,
by tracing the torque variation when the external field is
on, we can identify a time window were always either sin-
gle merons or antimerons are created. Figures 3(a) and 3(b)
show the variation of the in-plane magnitude of the torque
given by

T 2 =
∫
S

(
∂sx

∂t

)2

+
(

∂sy

∂t

)2

, (5)

with respect to time for different applied field strengths with
α = 0.01 and α = 0.06, respectively. The integration is
performed in a rectangular region (S) which embraces the
excitation region together with a frame of one unit cell width
along each direction of the rectangular region. In this region,

FIG. 3. Torque (for definition see text) squared as a function of
time for different values of the external field. Here J = 1 mRy, D =
0.1 mRy, and (a) α = 0.01, (b) α = 0.06. (∂T 2/∂t ) for (c) α = 0.01,
(d) α = 0.06. The region A is a transition state involving dynamics,
the region B is the one where meron and antimeron creation is
achieved, and region C refers and an almost coherent rotation of the
excited region.

we only consider the in-plane components of the magnetic
moment (sx, sy). As commented above, the creation of isolated
merons and antimerons is mainly produced in a region of at
least 13 × 6 unit cells or 12 × 5 cells for D < 0.25 mRy and
D > 0.25 mRy, respectively. By increasing the excitation size,
the meron-antimeron pair production is more pronounced,
and, consequently, this possibility needs to be ruled out for the
sake of having a good majority gate functionality with isolated
merons and antimerons.

In Figs. 3(a) and 3(b), we can identify three different re-
gions of interest labeled as regions A, B, and C. The region
A (left from the shaded region) is a transition state involving
dynamics due to the application of the external field. Region
C (right from the shaded region) refers to a temporal interval
where the external torque has been applied for such time that
the first neighborhood around the excitation performs almost
coherent rotation with respect to the external field and thus
the reversed region. This region can be clearly identified by
the large increment of the integrated torque. Last, the region
B (shaded region), i.e., the intermediate region between re-
gions A and C, is a temporal interval where isolated merons
or antimerons can be created. In region B, the creation of
merons or antimerons is identified by a change of sign of
the slope of (∂T 2/∂t ) with respect to the excitation time;
see Figs. 3(c) and 3(d). Inside the region B, a positive slope
produces an antimeron whereas a negative slope produces a
meron. Transition from positive to negative slope is always
done by passing a critical point. Passing through this critical
point interchanges the torque components that favor clock-
wise (antimeron) or counterclockwise (meron) chirality. In the
vast majority of our simulations, the critical point between a
sign change of the slope generally provides a coupled meron-
antimeron pair created on the edge and moving along the bulk
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FIG. 4. Time th needed for the creation of a meron (circle sym-
bol) and antimeron (star symbol) as a function of D for different
external fields. Here α = 0.01.

of the material. The shape of T 2 remains the same as the DM
interaction increases. It has to be noted here though that the
increment of the DM interaction affects the time the external
field needs to be switched off. As shown in Fig. 4, the time
th required to create a meron or an antimeron decreases with
respect to the DM strength as the noncollinearity is enhanced,
and, consequently, this leads to a faster realization of single
merons and antimerons. Interestingly, the th becomes almost
constant after D > 0.3 mRy, indicating that for large D/J
ratios the time required to generate merons or antimerons
tends to be independent of the DM interaction and, instead,
depends on the applied magnetic field and the damping. Re-
garding the external field, the dependence on the time th is
evident. By reducing the external field, the time needed for the
creation of the meron/antimeron is increased in a nonlinear
form. Notably, the time window or gap between the meron
(circle symbol in Fig. 4) and antimeron (star symbol in Fig. 4)
creation at a given field (dashed lines with the same color in
Fig. 4) is also increased by the reduction of the external field.

For the same material parameters and same excitation field,
the meron/antimeron window becomes narrower (cf. Fig. 3)
by increasing the damping parameter, and also th becomes
smaller. At a higher damping, the magnetization is synchro-
nized with the external field faster as oscillating modes are
damped out. Even though a higher damping seems useful for
an easier identification of region B since there are less changes
in sign of the torque and the signal of T 2 is more pronounced,
it has the downside that the increase of the damping reduces
the lifetime of a meron.

Figure 5 shows the calculated lifetime of a meron for
different values of the damping parameter and different exci-
tation fields. Lifetime of merons is important as it is critical
for the response time of a device. In general, we would
like this parameter to be infinite so that the device re-
sponse would be unconstrained. Above a value of α = 0.08
merons/antimerons cannot be created at all, indicating an
extreme sensitivity to dissipation as they are not static so-
lutions. Reducing the damping, the lifetime increases and

FIG. 5. Lifetime of meron with respect to the damping parameter
for different excitation fields.

in the asymptotic limit tends to infinity when α → 0. The
criterion we consider to accept a solution (meron/antimeron)
to produce logical operations is for those particles that have a
lifetime longer than 60 ps. In terms of damping, the criterion
to accept the particles is for α � 0.02. We note that this is
higher than the experimentally observed damping for most
ferromagnets, which demonstrates that the damping is not
a limiting factor for choosing materials to be used in the
skyrmionic majority gate suggested here. Notably, the lifetime
of the merons is almost unaffected by the current selected
fields shown in Fig. 5. The latter indicates that the intensity
of the local external field is critical for the creation of the
solitonic excitations but not for their lifetimes.

Figure 6 shows calculated structures of an antimeron
[Fig. 6(a)], meron [Fig. 6(b)], and a meron-antimeron pair
[Fig. 6(c)] created with the application of an external torque as
described previously. Apart from the visual identification, one

FIG. 6. Structure of (a) antimeron, (b) meron, and c) meron-
antimeron pair. (d) The variation of the skyrmion number for the first
70 ps after the creation of an antimeron (blue) and a meron (red). The
exchange parameters are J = 1 mRy and D = 0.1 mRy.

023225-5



NIKOLAOS NTALLIS et al. PHYSICAL REVIEW RESEARCH 3, 023225 (2021)

FIG. 7. Snapshots of the meron (a)–(c) and antimeron (d)–(f)
just after the excitation by an external local field. The exchange
parameters are J = 1 mRy and D = 0.1 mRy.

can also identify these topological objects by the calculation
of the skyrmion number [see Fig. 6(d)]. Notice that due to
the fully atomistic nature of the present model, the skyrmion
number is not necessarily an integer number, as would be
expected for a skyrmion at the micromagnetic scale where the
magnetization is a continuously differentiable function of the
position.

Despite this, the values provided by Eq. (4) are still useful
at the atomistic level and it is possible to extract the basic
properties of the topological excitations. For example, the chi-
rality of merons and antimerons can be determined by the sign
of R. As shown in Fig. 6(d), the skyrmion number is almost
constant after approximately 5–10 ps of the meron/antimeron
creation and remains without significant decay for at least
70 ps even though the DM parameter is reasonable small.
This particularity makes a large family of magnetic materials
with kagome crystal structure candidates for a majority gate
implementation. Notice also that both merons and antimerons
have almost the same absolute value of the skyrmion number
(|R| ≈ 0.4) in the regime where R is almost constant. This
is a property of topological excitations and thus the calcu-
lated skyrmion number can be used to properly characterize
merons and antimerons. In the proof of concept outlined in
this article, when a meron and antimeron collide, they will
annihilate, leaving behind no topological structure and a van-
ishing skyrmion number. This property and the fact that these
two structures move along different directions are the two
principal properties needed for the formation of the majority
gate. In Fig. 7, snapshots just after the creation of the meron
and antimeron are shown indicating the that each of them
moves along a different direction. (See also videos 1 and 2
in the Supplemental Material [51].)

A second important aspect to take into consideration, for
the efficiency of the majority gate device proposed here, is the
stability under thermal fluctuations. For this reason, we also
carried out simulations for the same system setup as described
above, although with an increase of the temperature of the
system. The thermal fluctuations are included via a stochastic
field as described by Eq. (3). Figure 8 shows the square of
the torque given by Eq. (5), T 2, with respect to the excitation

FIG. 8. Torque squared as a function of the time for two different
temperatures, i.e., T = 0.01 K (blue) and T = 10 K (green). Here
J = 1 mRy, D = 0.1 mRy, α = 0.01, and the external field is equal
to 104 T.

time (as in Fig. 3) but for a temperature of T = 10 K. For
comparison, the same curve for T = 1 mK is shown also
in blue color. Due to the presence of thermal fluctuations,
the T 2 signal is on average higher in intensity than the low
temperature signal (cf. blue curve in Fig. 8). The spiky shape
of the green curve around the peaks is evident, a consequence
of the noise introduced by the thermal fluctuations. It is no-
ticeable that the grey colored region, which is the critical
region where merons and antimerons can be created, is almost
identical with the one at T = 1 mK. Even though the size of
the grey region is almost the same as the one for T = 1 mK,
the time interval needed for the application of the localized
magnetic field in the rectangular region is slightly different.
More specifically, for the case with T = 10 K, we have found
a difference of 0.2 ps for the time needed in order to create
a meron or an antimeron. Thus, in the temperature interval
from 1 mK up to 10 K, the creation of the merons is almost
unaffected. The latter holds for the smallest DM strength
(0.1 mRy) tested in our simulations. For higher DM strength
values (D = 0.25 mRy), this threshold is increased up to 20 K.
It is worthwhile to comment here that the aforementioned
threshold temperature is defined as the one where the T 2 curve
follows the same trend as the curve for the case with very
low temperature (∼1 mK). It is key to determine the threshold
temperature since it provides a range in temperatures where
the majority gate device outlined here is expected to work in
a reliable way. Moreover, for the current values of J and D
chosen in this work, the merons and antimerons can still be
created up to 30 K but the magnetic texture of the topological
particles is substantially distorted and the excitation time is

023225-6



MAJORITY GATE FOR TWO-DIMENSIONAL … PHYSICAL REVIEW RESEARCH 3, 023225 (2021)

FIG. 9. Velocity (a) and size (b) of a meron with respect to the
strength D of the Dzyaloshinskii-Moriya interaction. The damping
parameter was set to α = 0.005 while the external magnetic field
used in the simulation is equal to 104 T.

completely unpredictable, since the corresponding T 2 curve
does not follow the curve at low temperatures. Note here that
for higher values of the exchange parameters, so that the Curie
temperature of the material is much above room temperature,
it is possible to stabilize merons and antimerons at 300 K [46].

Another important property for the efficiency of a logic
gate is the velocity of the carriers, as this aspect will rule
the speed of the magnetic device itself. Figure 9(a) shows
the velocity and Fig. 9(b) the mass (size) of the meron with
respect to the strength of DM interaction. We define the size as
the number of atomic spins for which the z component obeys
the relation |sz/s| < 0.5, where s and sz are the magnitude
of the atomic magnetic moment and its z component, respec-
tively. It has been reported in Ref. [52] that the velocity of
skyrmions is proportional to the DM strength but also to the
size of the skyrmion. Our results do not fully comply with
the trend found in Ref. [52]. Thus, in our findings, neither the
velocity nor the size of the merons obey a monotonic behavior
with respect to the strength of the DM interaction. In Fig. 9 (a),
there is a change in the monotonic trend of the velocity in the
neighborhood of D = 0.2 mRy, so that the velocity increases
up to a maximum value of 1.9 cells/ps and then it decreases to
roughly 1.4 cells/ps at D = 0.4 mRy, whereas the mass fol-
lows the opposite trend. The reason for the discrepancy with
the trend already proposed in Ref. [52] is most likely because
the work in Ref. [52] was analyzing micromagnetic skyrmions
rather than atomistic merons or antimerons, as studied here.
Furthermore, they looked at current induced motion while we
have another driving force. Also, the uniqueness of the edge
modes of the kagome lattice [46] provide couplings between

FIG. 10. Graphical diagram of the meron/antimeron gate. The
black stripe represents the kagome stripe with atoms in yellow color.
Red cylinders refer to the excitation regions, whereas the white
ones represent the detectors. In this figure, a schematic of two gates
denoted with and without primes on the same stripe are discussed
in the text. In the example, a meron generated in E3 moves towards
D2 and an antimeron generated in E1 moves clockwise towards D1
while only a meron generated in E′2 travels towards D′1. The white
arrows indicate the propagation direction of the pseudoparticles, i.e.,
clockwise for antimerons and anticlockwise for merons.

skyrmion speed, mass, and materials parameters that do not
follow general trends.

IV. DEVICE FUNCTIONALITY

As already mentioned above, merons and antimerons fol-
low different directions when they travel along the edge of the
kagome lattice. In the previous section, we described a way
to control the creation of merons and antimerons by applying
a local torque in a rectangular or circular tiny region. In the
current section, we analyze a prototype of a magnetic majority
gate based on merons and antimerons in a magnetic material
with atomic planes in which the atoms arrange so as to form
a kagome lattice. Figure 10 shows a schematic picture of the
suggested device.

In this graphical diagram, the red cylinders represent the
excitation channels; through them a local torque is applied in
order to create the merons/antimerons, whereas the colorless
ones represent the detectors (that rely on magnetoresistance
effects). The black stripe with yellow circles represents a
stripe of the kagome lattice. The kagome stripe shown in
Fig. 10 allows, by topological nature of the edge states in
lattice, to build up two majority gates, each of them consisting
of three input branches (initially we focus on E1–E3 ) and
two detection branches (we focus first on D1 and D2 ). It is
worthwhile to mention here that we have added two detection
points (D1 and D2) rather than just one, as is the case for
the canonical majority gate. Let us take an example were all
excitations produce antimerons, at E1, E2, and E3. Then, all
of them will move to the left, with the consequence that a
signal will be measured only at D1. On the other hand, if
all excitations produce merons, at E1, E2, and E3, they will
move to the right and only the right branch (D2) will now
detect a signal. Consequently, the presence of both detectors
is mandatory in order to detect a majority signal. The two
operations described above are two of the basic operations for
the gate functionality.
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TABLE I. Logical table of the three-input noncanonical majority
gate. For sake of clarity, 1 represents antimerons and 0 represents
merons. The output signals of detector D1 and D2 are listed for each
case, and the difference in signals if the majority input was a meron
(D1 − D2 < 0) or antimeron (D1 − D2 > 0).

In E1 In E2 In E3 Out D1 Out D2 D1 − D2 Majority signal

1 1 1 3 0 + 1
1 1 0 2 1 + 1
1 0 1 1 0 + 1
1 0 0 1 2 − 0
0 1 1 1 0 + 1
0 0 1 0 1 − 0
0 0 0 0 3 − 0
0 1 0 0 1 − 0

Next, we consider E1 as the branch that generates an
antimeron while E2 and E3 produce merons. Then, the an-
timeron will move to the left and the other two merons to
right, thus detector D1 will measure an antimeron and D2 two
merons. For the sake of clarity, we represent an antimeron as
bit 1 and a meron as bit 0. Supplemental Material videos 1
and 2 [51] show the creation and motion of three antimerons
and three merons respectively. Video 3 show the creation of
two merons, one antimeron, and their collision. In Table I, we
list all possible outcomes for the eight relevant input configu-
rations, establishing a logical table. If the difference between
D1 and D2 is positive, the majority input was an antimeron
(1), which is listed under the column labeled “majority sig-
nal.” If the difference between D1 and D2 is negative, the
majority input was a meron (0). We reach similar conclusions
as obtained in Ref. [53] that all situations in Table I where
E1 has entry 1 act as an OR gate for the signals E2 and E3,
while all situations where E1 has entry 0 act as an AND gate
for signals E2 and E3. This forms the basic functionality of
the here suggested device, and the temperature stability for the
whole device operation is the same as for the creation/lifetime
analysis shown above see (Supplemental Material video 4
[51]).

In Fig. 10, based on the concept developed above, two ma-
jority gates are presented on a single ferromagnetic kagome
layer (inputs E1–E3 for the first gate and inputs E′1–E′3 for
the second gate). On the principle described in this section,
only one single edge with no external guidance during opera-
tion is needed to perform a majority gate logical operation.
Having this in mind, it becomes extremely tempting and
promising to use the whole monolayer. As mentioned above,
the vast majority of simulations were carried in a kagome
monolayer with a length ly of 40 unit cells along the y di-
rection. For this length scale, i.e., ly ≈ 40 Å (assuming 1 Å
unit cell dimension), the gate can have the same functionality
along both edges without one interfering with the other (see
Supplemental Material video 5). In consequence, one single
kagome monolayer can be used to construct more than one
majority gate. The concept of multiple gates in one atomic
layer can be easily expanded, if the size of the monolayer in-
creases to bypass the barrier of the number of cells required to

avoid interference or coupling effects between the topological
excitations belonging to different gates.

V. DISCUSSION AND CONCLUSIONS

In this work, we have presented a basic idea on how to
construct a magnetic majority gate on a single material. The
kagome ferromagnet seems to be a promising solution due
to the existence of edge modes. These modes allow for the
existance of meron and antimeron solutions, allowing for
the direct assignment of bits in different topologies surviving
in the same material at the same time.

Regarding real materials where the proof of con-
cept proposed here can be realized in practice, sev-
eral proposals exists, namely vanadate pyrochlores with
generic formula A2V2O7 with A = Lu, Yb, Tm, or Y;
SrCr8Ga4O19; Ba2Sn2Ga3ZnCr7O22; and magnetic jarosites
like KM3(OH)6(SO4)2 with M = V, Cr, or Fe. Also Fe3Sn2

might be a suitable solution as in this material Fe ions form
bilayers of offset kagome networks, while the Sn ions oc-
cupy two distinct crystallographic sites, and importantly this
material has a Curie temperature close to 640 K making it a
really strong candidate for even room temperature operations.
In fact, Ref. [54] reports experimentally observed magnetic
skyrmionic bubbles in Fe3Sn2 at room temperature, as antici-
pated and predicted in Ref. [46]. Another promising material
is CrI3, which is a honeycomb ferromagnet. Magnetism in
CrI3 is assigned to Cr3+ anions surrounded by I6 octahedra,
forming a 2D honeycomb network. Ferromagnetic ordering
appears with Cr3+ spins oriented along the c axis provid-
ing conditions for DM interactions to open spin wave gaps
[46,55]. For example, the experimental magnon spectra mea-
sured in Ref. [56] exhibit remarkably large gaps at the Dirac
points, indicating the presence of DM interactions. As the gap
is induced from DM interactions, CrI3 should have topological
edge states and, in consequence, it would be suitable for
spintronic applications.

In this work, the external torque is created by an external
local magnetic field. The latter is not the most efficient ap-
proach as the local field to break magnetic order is quite large.
Notice that a huge local external field is clearly physical as
it needs to overcome the exchange energy to reverse a small
region of the material, thus leading to high power consump-
tion for the field generation. Probably an application of a laser
pulse to locally heat up the stripe will lead to a more efficient
approach. Notably though, with proper selection of the field
application time, we can control the creation of the specific
topologies, leading to a robust operation of the gate.

By taking advantage of the edge modes present in the
kagome magnet, the created merons and antimerons do not
need any external guidance of force, as they move by the aid
of the topological nature of the magnon edge modes [46]. A
really versatile outcome of this approach is that the operation
of the gate needs only one edge of the kagome 2D stripe. As a
result, it is possible to build multiple gates even in one single
monolayer by making use of the different edges of the mono-
layer. In terms of the material, the only constraint is the size of
the monolayer, which has to be chosen with dimensions large
enough that there is no edge-to-edge interaction. The 40 cells
length chosen here along the y direction is a safe criterion for
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that threshold. The second constraint is related to the detection
system.

According to our approach, the gate does not operate as
a conventional majority; rather, the detection system consists
always of two initial detectors which are able to identify
merons or antimerons. Thus, in a multiple gate scenario, a
large number of detectors need to be used. In the scenario
of the minimum number of detectors, i.e., four detectors (cf.
Fig. 10) the gates should operate in sequential form under
different time windows in order for the detectors to receive
signals from a specific gate.

The detection system is a critical part for efficient and
practical spintronic applications. Recent works show that a
magnetic tunnel junction, which can be constructed by lithog-
raphy, can be used to identify single skyrmions [57,58]. Also
in Ref. [59] the authors propose a clearly electrical detection
of the position of skyrmions in conducting systems based on
the Hall resistance. For the three-input majority device ad-
vanced in this article, the setup for the detection system might
be even simpler than in previous published prototypes [59].
As already commented, merons and antimerons occur only on
the edge of stripe and are constrained to move along specific
directions, i.e., the merons always move counterclockwise
while antimerons travel clockwise. Thus, detectors D1 and
D2 always measure antimerons and merons, respectively. In
such a scenario, the detectors only need to identify the particle
passing near them without caring about the atomic detail of
the magnetic texture. Consequently, a magnetoresistive sensor
might be enough to ensure a proper detection of the topologi-
cal excitations.
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APPENDIX

Our theoretical modeling is based on the following Hamil-
tonian:

H = −
∑
i, j

[Ji jsis j + Di jsi × s j] − gμB

∑
i

siBi, (A1)

where i, j denote first-neighbor indices, si is the atomic mag-
netic moment with |si| = 2μB, Ji j is the exchange interaction,
and Di j is the vector form of DM interaction. The last term

FIG. 11. Orientation of the DM vectors in the unit cell used in the
simulations shown with blue arrows. Yellow balls represent atoms in
the unit cell. The bonds between atoms are shown with red lines.

represents the Zeeman term under the influence of a local
external magnetic field Bi. Here, we assume that the Heisen-
berg exchange and Dzyaloshinskii-Moriya interaction are the
same for every interacting pair of atoms, so that, Ji j = J and
|Di j | = D. In order to capture the dynamical properties of
spin systems at finite temperatures, we used an atomistic spin
dynamics (ASD) approach [49]. The equation of motion of the
classical atomistic spins at finite temperature is governed by
the Langevin dynamics via a stochastic differential equation,
normally referred to as the atomistic Landau-Lifshitz-Gilbert
equations, which can be written in the form

∂si

∂t
= − γ

1 + α2
si × [Bi + bi]

− γα

(1 + α2)|si| si × (si × [Bi + bi]). (A2)

Figure 11 shows the unit cell of the kagome lattice used in
the simulations, along with the orientation of the DM vectors.
Before proceeding to the dynamical dynamical properties,
we apply an annealing protocol to find the magnetic ground
state of the system. Due the the in-plane and out-of-plane
component of the DM vectors, the kagome lattice is frustrated,
leading the degenerate states in the ground state configuration
under zero magnetic field. Figure 12 shows the ground state

FIG. 12. Snapshots of the ground state evolution during anneal-
ing under zero external field. Here the parameters used in this
simulation are J = 1.0 mRy, D = 0.2 mRy, and T = 1 mK.

023225-9



NIKOLAOS NTALLIS et al. PHYSICAL REVIEW RESEARCH 3, 023225 (2021)

FIG. 13. Snapshots of the ground state under H = 0.1 T external
field for a) J = 1.0 mRy, D = 0.1 mRy. Zoom snapshot for b) J =
1.0 mRy, D = 0.1 mRy c) J = 1.0 mRy, D = 0.3 mRy. In all cases
T=1 mK.

evolution under zero magnetic field and Fig. 12(d) represents
the final ground state after 105 Monte Carlo steps.

To avoid the degenerate state shown in Fig. 12(d), we apply
an external magnetic filed with orientation out of the plane of
the film and with an intensity of H = 0.1 T. In this case, the

FIG. 14. Variation of the tilting angle θ as a function of the DM
strength D, in the ground state under H = 0.1 T external magnetic
field. The angle was calculated keeping constant the following pa-
rameters: J = 1.0 mRy and T = 1 mK.

ground state is almost a ferromagnetic state with out-of-plane
orientation. The term “almost” here refers to the fact that, due
to the presence of the DM interaction, a small tilting of the
magnetic moments occurs (see Fig. 13) which reaches up to
5◦ for D = 0.4 mRy (see Fig. 14).
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