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Skyrmions in synthetic antiferromagnetic (SAF) systems have attracted much attention in recent years due to their
superior stability, high-speed mobility, and completely compensated skyrmion Hall effect. They are promising building
blocks for the next generation of magnetic storage and computing devices with ultra-low energy and ultra-high density.
Here, we theoretically investigate the motion of a skyrmion in an SAF bilayer racetrack and find the velocity of a skyrmion
can be controlled jointly by the edge effect and the driving force induced by the spin current. Furthermore, we propose a
logic gate that can realize different logic functions of logic AND, OR, NOT, NAND, NOR, and XOR gates. Several effects
including the spin—orbit torque, the skyrmion Hall effect, skyrmion—skyrmion repulsion, and skyrmion—edge interaction are
considered in this design. Our work may provide a way to utilize the SAF skyrmion as a versatile information carrier for

future energy-efficient logic gates.
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1. Introduction

Magnetic skyrmion is a particle-like spin configuration
with quantized topological number, which was first pro-
posed by Skyrme in 1962.[! Afterward, the isolated skyrmion
was theoretically predicted in various magnetic systems, >3]
such as in liquid crystal,*! non-centrosymmetric bulk mag-
nets and thin films.>-'!l Recently, extensive experiments
have observed skyrmions stabilized by the Dzyaloshinskii—
Moriya interaction (DMI) at room temperature.®12-171 Due
to their nanosize, high mobility and topological protection,
skyrmions can be regarded as the prominent binary data car-
rier in advanced memories,!!8-2?! logic gates and computing
devices.!?>=2%] In particular, the presence of a skyrmion repre-
sents the data bit “1”, while the absence of a skyrmion denotes
the data bit <0”.126-32]

Various ways have been proposed to realize the mo-
tion of skyrmions in a racetrack,>*-3% including the spin-
polarized current, the temperature gradient, the magnetic

[29,37,38

anisotropy gradient, efc. I However, the ferromagnetic

(FM) skyrmion will exhibit a lateral drift during the mo-
tion (i.e., the skyrmion Hall effect) due to the presence

39411 which may cause the annihilation

of Magnus force, !
of skyrmions at the racetrack edge and thus destroy the
information.[?® Therefore, interest has been devoted to SAF
skyrmions that can effectively suppress the skyrmion Hall ef-

fect without affecting the topological protection. 3141 Up
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to now, there are many logic devices that have been de-
signed based on skyrmions and domain wall (DW) dynamics
in nanotrack, such as the reversible conversion and the colli-
sion between the skyrmion and the domain wall, [23.24.26,46,47]
skyrmion—skyrmion collision, ?740:43-501 skyrmion Hall effect
and skyrmion—edge repulsion.[*”) Compared with the most
investigated FM skyrmions and domain wall, the racetrack
memory and logic devices based on SAF skyrmions exhibit
five distinctive characteristics. Firstly, SAF skyrmions can
move straight along the spin-polarized current without the
skyrmion Hall effect.[*?! Secondly, it can robustly protect the
magnetic perturbation as the net magnetization of skyrmion
is zero.[*”] Thirdly, SAF skyrmion can move at higher ve-
locity driven by spin currents than FM skyrmion and do-
main wall.®" Fourthly, logic devices only use skyrmion’s
motion and interaction without the reversible conversion be-
tween skyrmions and DW, which can effectively decrease the
complexity of logic implementation.!?’-?8! Fifthly, the SAF-
skyrmion-based logic gates can simplify the driving mode
of devices, reducing energy consumption, enhancing the mo-
tion speed of skyrmion and increasing the types of logic
functions. 3"’

In this work, we have analyzed the skyrmion motion ve-
locity of SAF skyrmion in SAF racetracks and found the ve-
locity can be influenced by the edge and driving force,[#6->1]
which agrees very well with the simulation results. Further,

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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we computationally propose a complete logic gate on SAF
skyrmions including AND, OR, NOT, NOR, XOR, and NAND

32-541 skyrmion Hall

gates by utilizing the spin—orbit torque,!
effect,[#>>3-%] skyrmion—skyrmion repulsion, and skyrmion—
edge interaction.[**71 In the SAF bilayer, we show that
bilayer-skyrmion can travel along the racetrack at a high speed
driven by spin current, which is beneficial to simplify the op-

eration of skyrmion-based devices.

2. Model and methods

Figure 1(a) illustrates the proposed structure, which
is composed of two perpendicularly magnetized FM layers
strongly coupled via the antiferromagnetic (AFM) interface
interaction with a heavy metal layer beneath the bottom FM
layer.*?] For the current-induced SAF skyrmion dynamics, we
apply electric current in the +x direction in the heavy metal
(HM) layer to produce a vertical spin current to the magnetic
layer and numerically solve the modified Landau-Lifshitz—
Gilbert (LLG) equation including the damping-like spin—orbit-
torque in the simulation. Here, the time-dependent magnetiza-
tion dynamics is thus governed by >%-8]

dm; _ —Yom X hegs + 0 | T X dm,
ds - Yom; eff i dt
+Yum;x (m;xp), (1
where hef = —0dH o1/ HoMsIm; is the effective magnetic

field induced by the free energy density of the system, Ll is the
vacuum magnetic permittivity and M is the saturation magne-
tization. m; represents the local magnetic moment orientation,
Y is the gyromagnetic ratio and ¢ is the Gilbert damping co-

efficient, and p = —J represents a spin polarization vector.
h | jOsu
Uu=|—
10 Uoe | 2aM

is the damping-like spin—orbit-torque coefficient with % as the
reduced Planck constant, e is the electron charge, j is the ap-
plied driving current density, Osy = 0.1 is the spin Hall angle,
a is the film thickness of FM layer. For the total Hamiltonian
Hiota1, we consider the Hamiltonian of each FM layer H,, and
the interlayer AFM exchange coupling Hjy; between the top

[42,59

and bottom FM layers, ! which can be written as

Hiotal = Z Hy, + Hinter- 2
n=T,B
The Hamiltonian for each FM layer can be written as fol-
lows:

Hy =~ ¥ (mlomf) + KX [1- ()]
(i,J) i
+Y D (m] xm")+ Hppi, 3)
<i'rj>

where n is the FM layer index (n = T, B represents the top
layer and bottom layer, respectively), m! denotes the local
magnetic moment orientation normalized as |m}| = 1 at the
site 7, and the (i, j) runs over all the nearest-neighbor sites in
each FM layer. The first term represents the intralayer FM
exchange interaction with FM exchange stiffness Ajyy,. The
second and third terms represent the perpendicular magnetic
anisotropy with the anisotropy constant K and the DMI with
the DMI vector D, respectively, while Hppy represents the
dipole—dipole interaction. The Hamiltonian for the interlayer
AFM exchange interactions can be written as follows:

Hinger = —Ainter Y, -0} 4)
]

The symbol of Ajne, is negative for the interlayer AFM
interaction, where we assume that spins in the top FM layer
are pointing upward and the spins in the bottom FM layer are
pointing downward owing to the interlayer AFM exchange
coupling. The strong antiferromagnetic coupling results in
the two FM layers having opposite magnetization configura-
tions, which plays a key role in eliminating the skyrmion Hall
effect.[67]

Here, we simulate the SAF skyrmion logic func-
tions using the Object Oriented Micromagnetic Framework
(OOMMF) with an extended module of the Dzyaloshinskii—
Moriya interaction.[®!] For micromagnetic simulations, the
standard magnetic material parameters of Co/Pt multilay-
ers are used for the SAF structure:[27:294245-391 pre —
580 kA'-m~!, K = 0.65 MJ-m—3-0.85 MJ-m—> with a de-
fault value of K = 0.8 MI'-m™>, Ajya = 15 pIm~!, D =
29 mJm2-3.3 mJm 2 with a default value of D =
3 mJ-m~2, antiferromagnetic coupling strength Ajyer =
4 mI-m2, yp =2.211 x 10° m-(A-s)~!, o« = 0.3. Consider-
ing the balance between the numerical accuracy and compu-
tational efficiency, all the cell size used in this simulation is
2nmx2nmx1 nm.

For the steady motion of skyrmion in the proposed SAF
logic gates, we use the Thiele equation to interpret the sim-

n.[46:51,62.63] The current-

ulation results of isolated skyrmio
induced skyrmion motion in a bilayer nanotrack can be written

as
. Fedge
GXU—O!Ddiss'U+47TB']+T:0, &)

where v, o, Dy;ss, and B represent the skyrmion velocity, the
damping constant, the dissipative tensor, and the tensor related
to the driving current, respectively. In the fourth term, Fiqg is
the external force that includes the joint repulsive force from
the tilted edge and notches, where the constant b = ppaMs/ .
G = (0,0,—4nQ) is the gyromagnetic coupling vector, with
Q being the skyrmion topological number.[% The skyrmion
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number in each FM layer can be defined as

1 om Jm
QZE//’"'(WX(;T)C‘W

The dissipative tensor can be written as

Ddiss:47t<Dxx 0 >

(6)

0 Dy,

with Dgiss = Dy =

term with the tensor can be written as

/ dym-dymdxdy, and the driving force

You (—Ixy 0 )
B - —0
J 0 Iy
with I = I,y = [ (dym x m), dxdy. The last term of Eq. (5)
can be written as

Fedge _ l (erdge:)
b b Fyfedge

with F}_cqee and F)_qge representing edge forces in the x and
y directions, respectively. For the rigid magnetic skyrmion in
-1 yx — I,
and the value of I and Dy;ss are positive. Namely, the motion

this work, we always have Dy, = Dy, = Dyigs, Iy =

equation of isolated SAF skyrmion can be rewritten into the

following form

475va o Dxx O Vy
( —4nQvy ) e ( 0 Dy, ) (Vy )

Metallic spacer

Bottom FM layer

You ( =Ly O ) <Jx> 1 (Ec—edge)
_an 0 (h ) 1 ~0, (7)
J ( 0 Iy Jy b \ Fy_edge

where the spin-polarized current flows along the x direction
(jy = 0). Considering the steady motion of skyrmion along
the nanotrack, boundary forces in the x and y directions can
be ignored. Further, the topologic number of the SAF bilayer

skyrmion is zero and the velocity could be simplified as

_ oul
& Dyiss ’

®)

Vx

According to Refs. [51,59], I = 7R/4 and Dy =
(2R?+A?)/AR for a rigid skyrmion with v, = 0. R
is the skyrmion radius which can be calculated as R =~
A/\/2(1—D/Dc), where A = \/Apa/Ketr is the well-
known Bloch wall width parameter and D¢ = 4\/m
(Kett = K — (1/2)goM? can be seen as an effective anisotropy
constant).[% The theoretical solutions show that the isolated
skyrmion in the SAF monolayer steadily moves along the x
direction, and the velocity of the isolated SAF skyrmion is
proportional to the driving force, which is consistent with the
simulation results.

z —
Heavy metal Charge current

Jlnpuf A

JIuput B

Ferromagnetic layer|

Spin current

Fig. 1. Schematic diagram of the antiferromagnetically exchange-coupled bilayer system and the proposed structure of logic gates. (a) The
antiferromagnetically-coupled bilayer structure for the motion of a bilayer-skyrmion driven by the spin current, where we apply electric current
in the HM layer to produce a vertical spin current to the magnetic layer; (b) the illustration of skyrmion logic AND and logic OR gates with
two inputs and two outputs; (c) the illustration of skyrmion logic XOR and logic NOR gates with two inputs and one output; (d) the illustration
of skyrmion logic NAND gate with two inputs and one output; (e) the illustration of skyrmion logic NOT gate with one input and one output.
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3. Results and discussion
3.1. Realization of OR and AND logic functions

The proposed structure of the logic OR gate is shown in
Fig. 1(b), input A and input B are placed on the left side of
the nanotrack and the output C is placed on the upper right
side as well as a triangular notch on the right side of the nan-
otrack. Here, the presence of a skyrmion represents the data bit
“1” and the absence of a skyrmion represents the data bit “0”.
When no skyrmion is created at inputs A and C, the logical
operations OR “0 40 = 0” can be implemented. As shown in
Fig. 2(a) and supplementary video S1, the generated isolated
skyrmion at the input A moves along the +x direction due to

the spin torque and deviates to the —y direction, and finally
stops at the output C because of the notch boundary repulsion.
Similarly, when a nucleated skyrmion at the input B moves
along the nanotrack, it stops at the same site as the right region,
as suggested by Fig. 2(b) and supplementary video S2. Thus,
the logical operations OR “1 +0 =1" and “0+ 1 = 1” can
be implemented successfully. However, when both skyrmions
from input A and input B move in this nanotrack as shown in
Fig. 2(c) and supplementary video S3, the bottom skyrmion
created at input B can stop at the lower side of the right region
once it meets with the top skyrmion. As a result, the logical
operation OR “1 +1 = 1" can be implemented.

(e) A Failure M Success
" PTe) IR0 O R O O O
Fodh -l A A A
56t @ - - B ® ® B B -
CHE S B B B RN B B B R
El a e nennnn ]
g = N B I I O R RN e R
% A8 M --B- AW A A AA A
R G CEEY UETY CREY CERY U SRR Cee
44 . : - -
44 48 52 56 60
W (nm)
f
) Logic OR (&) Logic AND
Input A Input B Output C Input A Input B Output C
0 0 0 0 0 0
1 0 1 1 0 0
0 1 1 0 1 0
1 1 1 1 1 1

Fig. 2. The micromagnetic simulations for the logic AND and OR gates in the SAF nanotrack. (a)—(c) The micromagnetic simulations of three cases for
the logic AND and OR gates in the SAF nanotrack. (d) The top view of the logic OR and AND structure, where the black dashed circles represent the input
and output MTIJs. (e) The working window of the notch size in the logic AND and OR structure. (f)—(g) The truth tables for logic OR and AND gates.

The logic function of AND can be implemented in the
same structure as the OR logic gate by changing the detec-
tion region as depicted in Fig. 1(b). When the lower right re-
gion is set as the output D, the logic function “1-0 = 0" and
“0-1=0" of AND are similar to the function of the OR gate
which can be implemented as depicted in Figs. 2(a)-2(b) and
supplementary videos S1 and S2. In this structure, regardless

of whether the isolated skyrmion is at input A or input B, it
cannot reach input D under +x direction driving current. Only
when two skyrmions move along the +x direction from input
A and input B simultaneously, the bottom skyrmion nucleated
at the input B can be squeezed into the output D region due
to the skyrmion—skyrmion interaction as shown in Fig. 2(c)
and supplementary video S3. Namely, the logical operation
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AND “1-1 = 1" can be implemented. It is noted that when no
skyrmion exists for both inputs, there is no data transmission
on the nanotrack and the logical operation AND “0-0 = 0”
is achieved. Here, the height (H) and the base (W) length of
the triangle influence the final stable position of the bottom
skyrmion as shown in the top-view of the structure (Fig. 2(d)),
where the phase diagram of logical operations and the working
window of the input position of AND and OR gates are pro-
vided in Fig. 2(e) and video S6(a). The corresponding truth
tables for the logic OR and AND gates are shown in Figs. 2(f)
and 2(g).

3.2. Realization of XOR and NOR logic functions

The SAF bilayer XOR and NOR gates can be achieved
with a structure similar to the AND gate as shown in Fig. 1(c),
input A and input B are at the left side of the F-type nanotrack,
while output C is at the center of the right side. The difference
between logic XOR and OR gates is that they lack the triangu-
lar notch in the upper right. In this regime, when no skyrmion
is created in the inputs A and B, the logic operation of XOR
gate “0 0 = 0” can be realized. As shown in Figs. 3(a)-3(b)
and supplementary videos S4 and S5, only one skyrmion is
created in input A or input B. The skyrmion is driven by the
spin current and then stops at the center of the right side due
to the skyrmion—edge repulsion. Thus, the logic operation of
XOR gate “1€©0=1"and “0 1 = 1" can be implemented.
However, when two skyrmions are created in inputs A and B,
the two skyrmion driven by the spin current will push one an-

(b)

other away from the center of the right nanotrack and output
data bit “0” as shown in Fig. 3(c) and supplementary video S6.
In addition, the working window of the input position of XOR
gate is given in video S6(a). So, the logic operation of XOR
gate “1 @ 1 = 0” can also be implemented.

The SAF bilayer NOR logic gate is proposed with the
same structure as the XOR gate. Initially, a skyrmion is al-
ready nucleated at the output C. In this regime, as shown in
Fig. 3(d) and supplementary video S7, when no skyrmion is
created in the input A and B, the skyrmion in the center of
the right side of the nanotrack remains stationary and the logic
operation of the NOR gate “0+0 = 1” can be realized. How-
ever, when an individual skyrmion is created at the input A or
B, driving by the +x direction current, the left skyrmion will
meet with the right one and push one another away from the
center of the right nanotrack due to the skyrmion—skyrmion
repulsion. Therefore, the logic operation of NOR “1+0 =
and “O+ 1 =" can be implemented as shown in Figs. 3(e)-
3(f) and supplementary videos S8 and S9. Furthermore, if two
skyrmions are nucleated in input A and input B, the skyrmion
in output C will be annihilated by the repulsion between the
skyrmions, and the two skyrmions created from the left side
are going to push one another away from the center of the right
region as shown in Fig. 3(g) and supplementary video S10. In
addition, the working window of the input position of NOR
gate is given in video S6(a). Namely, the operation of the NOR
gate “1+ 1 = 0” can be realized.

Logic XOR
Input A| Input B [Output C
0 0 0
0 1
1 0 1
1 1 0
Logic NOR
Input A | Input B |Output C
0 0 0
0 0
1 0 0
1 1 0

Fig. 3. The micromagnetic simulations and truth tables for the logic XOR and NOR gates in the SAF nanotrack. (a)—(c) Three cases of
inputs and their corresponding micromagnetic simulations for the logic XOR gate in the nanotrack. (d)—(g) Four cases of inputs and their
corresponding micromagnetic simulations for the NOR gate in the nanotrack. (h) The truth tables of the logic XOR and NOR gates.
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3.3. Realization of NAND logic function

The logic function of NAND can be implemented in the
proposed structure as shown in Fig. 1(d). Here shows a trian-
gular notch is on the lower right side and a trapezoidal notch
is on the upper right side. Input A and B are placed on the left
side of the nanotrack, while the output C is placed at the cen-
ter of the right side. Similar to the logic NOR gate, there is an
individual skyrmion at the center of the right-side nanotrack
initially as shown in Fig. 4(a) and supplementary video S11.
When both inputs data bit are “0”, there is no skyrmion mov-
ing in the SAF nanotrack and output “1” state and the logical
operation of NAND “0 -0 = 1" can be implemented. As shown
in Figs. 4(b)—4(c) and supplementary videos S12 and S13,

considering only one skyrmion is created at the left input A or

B, the left skyrmion will annihilate as it moves along the nan-
otrack at the boundary due to edge geometry confined. Hence,
the operation of “T-0=17,and “0- 1 = 1” can be carried out.
The most important operation of “T-1 = 0" is implemented by
the presence of skyrmions in both input A and B. As shown in
Fig. 4(d) and supplementary video S14, all skyrmions in this
operation will annihilate due to the skyrmion—skyrmion repul-
sion and skyrmion—edge repulsion. Here, the height (H) and
the base (W) length of the triangle influence the state of the left
skyrmion as shown in the top-view of the structure (Fig. 4(e)).

In addition, the phase diagram of the operations, the working

window of the input position of NAND gate and correspond-
ing truth tables for NAND gates are given in Figs. 4(f)—4(g)
and video S6(b).

a] ©® Logic NAND

A Input A| Input B | Output C
Al 0 0 1

A

Al 1 0 1

Al 0 1 1

A 1 1 0

L T
60 nm w

40 nm- 10 15

[\~
[en]
)
t
Wl
=]
w
t

Fig. 4. The simulation results of logic NAND gate with two notches. (a)—(d) The micromagnetic simulations of four cases of inputs for the
logic NAND gate in the SAF nanotrack. (e) The top view of the logic NAND structure. (f) The working window of the notch size in the logic

NAND structure. (g) The truth table of the logic NAND.

3.4. Realization of NOT logic function

The logic NOT gate is implemented in a y-junction struc-
ture as shown in Fig. 1(e). There are two nanotracks, where
the input terminal A is at the left nanotrack and the output ter-
minal B is at the center of the right nanotrack. Note an isolated
skyrmion is initially nucleated in the center of the right nan-
otrack, as shown in Fig. 5(a) and supplementary video S15.
When no skyrmion is created in the left nanotrack, namely in-
put data bit “0”, the skyrmion in the center of the nanotrack
remains at its original position due to the edge-skyrmion re-
pulsion and output data bit “1”. Hence, the NOT gate “0 = 17
is accomplished. A skyrmion is created in the left nanotrack
and driven by a +x direction spin current. In that case, the left

skyrmion will meet the right skyrmion and rotate at an angle
of 90° and push one another away from the center of the right
nanotrack as shown in Fig. 5(b) and supplementary video S16.
And the working window of the input position of NOT gate
is also given in video S6(c). Therefore, the logic function of
NOT gate “1 = 0” has also been implemented.

In particular, a logic switching delay is determined by
the skyrmion velocity and the distance between the input
and output terminals.*>*°1 Therefore, the trade-off between
skyrmion-based logic gates’ response speed and energy con-
sumption needs to be considered.*8] Namely, a smaller driv-
ing current can decrease the energy consumption and a large

current can be adopted for high switching speed. As shown in
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Fig. 6(a), the driving current of the above logic gates should
be limited to 1x10'" A-m?>-4x10'" A-m?, and SAF skyrmion
velocity is proportional to the driving current density, where
the larger current density may lead to SAF skyrmion anni-
hilation at the right side due to large spin orbit torque. Fig-
ure 6(b) shows that the magnetic material parameters such as
K and D can also affect the skyrmion velocity, where the ve-
locity increases as D increases and decreases as K increases
in the above logic gates. Moreover, the skyrmion size can ef-
fectively reduce the scale of the logic devices and influence
the distance between the input and output terminal, which can
be determined by magnetic material parameters such as PMA
and DMI constants. Figure 6(c) shows that the diameter of
the skyrmion increases as D increases and decreases as K in-
creases. Hence, the switching delay can be affected by down-

scale of the logic gates via adjusting magnetic parameters.

K (106 J/m3)
0.65 0.70 0.75 0.80 0.85

Fig. 5. The simulation results of logic NOT gate. (a) The logical operation
of NOT gate 0 = 1 on SAF nanotrack. (b) The logical operation of NOT
gate 1 =0 on SAF nanotrack.
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Fig. 6. Skyrmion velocity and skyrmion size vary with the current density and material parameters. (a) Simulation results of the motion velocity of isolated
skyrmion vary with the current density. (b) Simulation results of the motion velocity with the PMA constant (K) and DMI constant (D). (c) The skyrmion

diameter varies with PMA constant (K) and DMI constant (D).

4. Conclusion

In conclusion, we theoretically study the skyrmion veloc-
ity in the SAF monolayer, which indicates that the skyrmion
velocity can be influenced by the driving force and the edge of
the nanotrack. The theoretical results are consistent with the
numerical simulation results. By designing geometric notches
and tilted edges on the SAF nanotracks, we have proposed six
basic logic gates based on the motion of SAF skyrmion, in-
cluding the logic AND, OR, NOR, XOR, NOT, and NAND
gates, which are implemented by spin—orbit torque, skyrmion
Hall effect, skyrmion—skyrmion repulsion, and skyrmion—
edge interaction. The proposed SAF skyrmion-based logic
gates in this work have potential application in the future topo-
logical magnetic devices.
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