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A skyrmionic programmable logic device (SkrPLD) with complete Boolean logic
functions is proposed and analyzed by micromagnetic simulations. The SkrPLD is
based on an antiferromagnet/ferromagnet bilayer structure, in which the
antiferromagnetic layer supports the interfacial Dzyaloshinskii—Moriya
interaction and the out-of-plane exchange bias field for stabilizing a zero-field
skyrmion. By varying the local exchange bias field, artificial pinning sites are
introduced for trapping the skyrmions. Depending on the input currents and the
initial position of skyrmions at different pinning sites, different logic functions can
be realized. Micromagnetic simulations show that the proposed SkrPLD has
robust performance even under thermal fluctuations and inhomogeneity effects.

Our work can provide insights for the design of programmable spin logic devices.



I. INTRODUCTION

Magnetic order that can be harnessed via magnetic field or electrical current has been
widely explored for memory, logic, and sensor applications [1-5]. The demand for
scaling down the size of magnetic device grows as the developments of information
processing and storage technologies. To this end, nano-sized magnetic textures have
been extensively studied with promising prospects on dense magnetic devices. A
magnetic skyrmion is a newly discovered topological magnetic texture, which has
received much attention due to its prominent properties, such as nanoscale size, non-
trivial topology, and low driving current density [5-10]. These properties have led to
the proposals for a range of prototypes of skyrmionic devices, such as skyrmion

racetrack memory [5,8,10-12] and skyrmion logic [13-17].

Boolean logic devices comprise the basic elements in modern electronic circuits.
Conventional logic devices can be classified into two broad categories: fixed logic
device (FLD) and programmable logic device (PLD) [18]. In recent years, many FLDs
that are based on magnetic devices have been proposed. For example, a single magnetic
domain, domain wall, or skyrmion can be employed as information bits to achieve
different logic functionalities in FLD [13-17,19-26]. However, the logic functionality
of FLD is fixed once being manufactured, which limits the flexibility in applications.
In contrast, a PLD can be reconfigured and hence possesses multiple functionalities.
Nonetheless, there are only a few research works reporting the realization of a
skyrmion-based PLD [16]. Similar to the racetrack device, in a skyrmionic

programmable logic device (SkrPLD), the input and output binary data bits “1”” and “0”
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are encoded by the state with and without a skyrmion, respectively. Based on the
voltage-controlled magnetic anisotropy effect, some SkrPLDs have been proposed
[16,17]. However, racetrack-based devices may suffer from the skyrmion Hall effect
(SkrHE), thermal fluctuations, and edge roughness, especially in constricted devices

[7,12,27-31].

Here, we report a SkrPLD with complete Boolean logic functions (16 functions
including AND, NAND, XOR, etc.) based on artificially induced skyrmion pinning
sites and current-driven skyrmion motion. Depending on the initial skyrmion position
and applied currents, full logic functionalities can be achieved. The proposed scheme
does not suffer from the SkrHE and skyrmion-edge repulsion since the working
principle does not involve long-range skyrmion diffusion and skyrmion-edge
interaction. Furthermore, simulations with thermal fluctuations and inhomogeneity

effects also demonstrate the robustness of the proposed SkrPLD device.

II. MODEL AND METHOD

The proposed logic device is shown in Fig. 1(a). The antiferromagnet (AFM)-based
heterostructure is patterned into a crossbar with the center region of 400 x 450 nm?.
The antiferromagnetic layer provides the interfacial Dzyaloshinskii—Moriya interaction
and an exchange bias field to the ferromagnetic (FM) layer for which endows zero-field
stability to the skyrmion. Electrical currents are designed as input signals with identical
amplitude, I; and >, which are orthogonal to each other. Due to the spin Hall effect in

the AFM layer[32-37], the applied current generates spin-orbit torque and drives the



skyrmion motion in the FM layer [8,38,39]. To achieve different logic functions, the
skyrmions must be initialized in the ferromagnetic layer by injecting a spin-polarized
current through four different magnetic tunnel junctions (MTJs) marked as A, B, C, and
D. The MTJ D is also used for reading the skyrmion as the output signal via the
tunneling magnetoresistance (TMR) [9,10]. As shown in Figs. 1b and ¢, the FM layer
that hosts the skyrmions serves as the free layer of the MTJ, and the TMR is determined
by the relative magnetization state between the FM layer and the fixed layer of the MT]J.
The presence (absence) of a skyrmion can be defined as the high (low) resistance state.
The local exchange bias field can be manipulated by scanning tip-based field
cooling[40], X-ray exposure[41], or electron beam to achieve effective pinning for the
skyrmion [42]. Figure 1(d) shows the layout of pinning sites and MTJs. These pinning
sites are designed for positioning the skyrmions. The input currents determine the
direction of skyrmion motion associated with the SkrHE [7,30,31]. In the proposed
device, we set the skyrmion Hall angle (Osi-1E) ~ 45° for clarity and this parameter can
be optimized for different materials. Figures 1(e)—(h) show the direction of skyrmion
motion under different input current schemes. The influence of different Osi-ze will be

discussed later.

To simulate the skyrmion motion and design the skyrmionic programmable logic
device, the micromagnetic simulation package Mumax3 is employed [43]. In the
simulation, the magnetic system is discretized into a mesh of dimensions 1 nm x 1 nm
x 1 nm. The material-related parameters are: the saturation magnetization (Ms) 1.0 x

10° A/m, the exchange stiffness constant (4) 1.5 x 107! J/m, the Dzyaloshinkii-Moriya
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constant (D) 2 mJ/m?, the perpendicular magnetic anisotropy (PMA) constant (K) 0.9
x 10° J/m3, the spin Hall angle (fsue) 0.4, and the damping coefficient () 0.3,
respectively. The dipole-dipole interaction is also considered. The working principle of
the proposed device is irrespective of the edge, and hence we do not consider the edge
effect. The periodic boundary condition is adopted to improve the simulation efficiency
(for more details of the simulations with larger area and open boundary condition, see
Appendix B). The pinning site induced by the local exchange bias field (LEBF) serves
as an effective potential well for the skyrmion. Such a pinning effect has been
systematically investigated in our previous work[12]. It is shown that the pinning
strength can be engineered by the size of the potential well (Dg) and the intensity of the
exchange-bias field (He). For large De and Hg, the pinning effect is strong and the
skyrmion is easily trapped by the pinning site. In our model, Dk is 60 nm and the nearest
distance between different pinning sites is 240//2 nm. The effective local exchange
bias field HE in the circle is 0.02 T (field direction along y axis because the Néel orders
are reconfigured by local thermal excitations induced by X-ray exposure [41] or
electron beam [42] and finally points to the +y direction) while the HE outside the
circular pinning region is 0.02 T (field direction along z axis because the Neel orders in
AFM layer is initially uniformly points to the +z direction). We consider a layered AFM
and assume the LEBF is not affected by the magnetization dynamics in FM layer
[41,42]. Thermal fluctuations (~300 K) are included. The effect of inhomogeneity is
introduced by a 5% variation of saturation magnetization, exchange stiffness constant,

DMI constant, and anisotropy in different grains (grain size ~ 10 nm).



ITI. SKYRMION-BASED PROGRAMMABLE LOGIC GATES

We first explain the working principle of the logic operation for a XOR gate as an
example. As shown in Fig. 2(al), the clean operation is first executed by applying a
large current pulse (~ 10'> A/m?) to annihilate skyrmions on all the MTJ sites. This
operation can wipe out previously configured functions. To initialize the XOR function,
two skyrmions are created at positions B and C by local injection of a spin-polarized
current [Fig. 2(a2)]. Then, electric current pulses with duration #, = 1.5 ns and density
Jp =2 x 10" A/m? are injected as inputs. For the case with input signal I; =0 and I, =
0 [Fig. 2 (a3)], no electric current is injected and the skyrmions stay in their original
position. Therefore, a low resistance state in MTJ D is read out, showing the output
signal of ‘R = 0’ as shown in Fig. 2(a4). Figures 2(b1), (c1), and (d1) show the results
for different combinations of the input signal. If the input signalis [; =0 (Iy = 1) and I,
=1 (I = 0) as shown in Fig. 1(b3) [Fig.1 (c3)], the applied in-plane current flows along
v (x) axis and the skyrmions both move along the vector (—1, 1) [(1, 1)]. After the
injection of the input current pulse, the skyrmion in B (C) site moves to the D site.
Finally, the high resistance state in MTJ D is read out, showing an output signal of ‘R
=1’ (Figs. 2(b4) and (c4)). As for the case with [ =1 and I = 1 which is similar to the

case of I} =0 and I = 0, no skyrmion moves into D site, as a result ‘R =0’ [Fig. 1 (d4)].

In Fig. 3, we show the simulation results for several other logic gates. Different initial
skyrmion configuration corresponds to different logic operation. For example,
initializing skyrmion in B and C sites leads to the function of the XOR logic gate as

discussed above. The initialization of skyrmions at sites A, D, AD, BC, ABC, and BCD
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leads to AND, NOR, NXOR, XOR, OR, and NAND logic gate, respectively. It should
be noted that the device also has stable performance under thermal fluctuations (300K)
and inhomogeneity effects. The proposed device can realize sixteen logic functions (see
table I), including material implication comparator [B for inverse implication (NIMP),
C for reverse inverse implication (RNIMP), ACD for inverse implication (IMP) and
ABD for reverse implication (RIMP)], inoperation (AB for I; and AC for 1), NOT gate

(BD for NOT L and CD for NOT I1), False (no skyrmion set), and True (ABCD).
IV. DISCUSSIONS
A. Influences of Osiue and Osue

The examples discussed above show that the skyrmion shift operation determines the
output signal, indicating that the logic operation relies on stable skyrmion positioning
and precise skyrmion shift operation. Thus, Osyxe 1S an important parameter in this
device. For specific values of sk, the design of the layout of pinning sites and MTJs
should be further optimized, as shown in appendix Figs. 5(d) and (h) and Fig. 6. On the
other hand, Osyr also influences the amplitude and duration of input current pulse and

is closely related to the operation frequency.

To further understand the role of Osyr and the magnitude of the input current pulse J,,
we employ the Thiele’s approach [8,38,39]. Their relationship can be obtained by the

Thiele equation

GXxV—aD -V+4nBR-J=0 (1)

Here the G = (0, 0, g) is gyrocoupling vector with g = 4x, v = (v, vy) is the
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Do] is the

- = D
velocity of the skyrmion, | = (]p, 0) is the current density. D = [ 00

cos Qg Sin,

. ] is an in-plane rotation matrix with go
—singy cos @q

dissipative tensor and R= [
= 0 for Néel skyrmion here. a is the Gilbert damping and the coefficient B =
VODGSHELspr - 1 k d h . H 11 ff b . h . .
T el 1s linked to the spin Hall eftects, being y, the gyromagnetic ratio, [
the reduced Planck constant, 85y the spin-Hall angle, e the electron charge, M the
saturation magnetization, L the thickness of the ferromagnetic layer, Ly the scaling

length equal to the strip width, and I, the shape factor of skyrmion.

The solution of Eq. (1) is given (without boundary condition) as,

—gv, — aDyv, + 4nBJ], =0
{gy 0%x ]p (2)

gvx — aDovy, =0

Then we can obtain the relationship between the velocity of skyrmion and input current

pulse
4B
v=,/v§+v§=n—]”. (3)
,a2D§+g2

Therefore, the shift of skyrmion between nearest pinning sites can be described as,
S=v-t, 4)
where S is the distance between the nearest pinning sites and #, is the duration of input
current pulse. From Egs. (3) and (4), one obtains
tyJp - Osug = C )
where C = SeMSL\/m / 2myohl,Lgc is a constant for a given device. In our
system, for £, = 1.5 ns, J, =2 x 10" A/m?and Ogyp = 0.4, C=1.2 x 10'"'ns - A/m?is
obtained. The relationship between #, and J, is shown in Fig. 4. It is obvious that 7, is
inversely proportional to J,. As mentioned above, large D and HE lead to a relatively

strong pinning effect. Although the LEBF potential well can pin the skyrmion, it also
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causes a problem when driving the skyrmion. Thus, J, should be larger than the critical
driving current (J;) to overcome the trapping force and drive the skyrmion out of the
LEBF potential well. The influence of Dg and HEg on J. are similar to that of pinning
strength. Therefore, D and Hg need to be engineered in order to obtain optimal J. and
Jp [12]. The spin-Hall angle also plays an important role in the device. Antiferromagnets
with large spin Hall angle, such as IrMnj3 [35] or PtMn [34], are expected to increase

the speed and energy efficiency of the device.

To build a robust device with high performance and energy efficiency, an
antiferromagnetic metal with large spin-orbit coupling (providing large enough value
of DMI and Osi#£) and exchange bias effects under room temperature is necessary. This
specific requirement limits the variety of alternative materials. [rMn3; and PtMn are
promising candidates for the antiferromagnetic layer, but other antiferromagnets can
also be explored. On the other hand, the initialization of the skyrmions leads to extra
energy consumption and operating time, which needs to be optimized. One solution is
to increase the spin polarization of the electric current to lower the critical current for
writing the skyrmions. The dipolar field originated from the fixed layer of MTJ is
neglected in our simulation for simplicity, but for sub-100 nm MTJ the dipolar field
may affect the pinning strength and needs to be further modified [12]. By using an
optimized MT]J structure, the energy consumption of the initialization operation can be
greatly reduced [44]. It is also possible to employ the electric field assisted method to

further optimize the device [45].

B. More inputs of instructions
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For a programmable logic device, additional inputs of instructions are needed to have
more functions. In general, the number of logic functions (Ng) is determined by the
number of instructions (Nins). For binary instruction, a device with complete 16 logic
functions needs 4 additional inputs of instructions. The 4 terminals in our proposal
correspond to the 4 MTJs (in A, B, C, and D sites). For other types of magnetic logic
device[13,46-48], it is found that more terminals of instructions lead to more functions,
indicating the importance of Nins. Such multi-instructions scheme can also be
implemented inthe logic devices based on other physical systems, providing a

guideline in designing programmable logic device with multiple functions.

V. CONCLUSION

In summary, we proposed a skyrmionic programmable logic device, which includes
sixteen types of logic functions. The logic functions are configured by initializing the
layout of skyrmions. The pinning sites can enhance the stability and certainty of
skyrmion motion, and the device thus shows significant robustness under the effect of
inhomogeneity and thermal fluctuations. Our work could stimulate the design of a PLD
with complete functions and serve as a candidate for future skyrmionic logic

applications.

Acknowledgments
This work is funded by the National Key Research and Development Program of China

11



(Grant No. 2017YFA0206200), the Science Center of the National Science Foundation
of China (No. 52088101), the National Natural Science Foundation of China (NSFC,
Grants No.11874409, No. 11804380), the Beijing Natural Science Foundation (Grant
No. Z2190009), the NSFC-Science Foundation Ireland (SFI) Partnership Programme
(Grant No. 51861135104), and the K. C. Wong Education Foundation (No. GJTD-
2019-14),. Y.L. also acknowledges support from the Institute of Physics, Chinese
Academy of Sciences through the International Young Scientist Fellowship (Grant No.
2018001). R.K.L acknowledges support from Spins and Heat in Nanoscale Electronic
Systems (SHINES) an Energy Frontier Research Center funded by the U.S. Department

of Energy, Office of Science, Basic Energy Sciences under Award No. DE-SC0012670.

12



(a) (b) %1414 (d) a

WD/VOLH V7 ,"—\\ v”-\‘
W IR EEREEREE
; We L ==
P W, <> <=

ot | FM N @ A1

I V77
£ Ca = R
AFM 57 =<~ =
Cowen (O MTy
f h
e Y ()vQSerE y (9) y (h) v*y
R\ - ,ﬂ v I-qserE
\\'\ J ,’{ OskrHE I /
Skr. 7 . _._|+,X ‘ J
X | J I
l,=0,1,=0 l,=0,1,=1 =1, 1,= l=1,1,=1

Fig. 1| Setup of device and motion of skyrmions under input current. a Illustration
of the device configuration in FM/AFM bilayer. The AFM layer (blue) is patterned into
cross-shaped Hall bar and the FM layer (gray) is covered on the center region. Two
orthogonal currents with identical amplitude, I; and Lo, are injected into AFM layer as
input signals. Four magnetic tunnel junction (MTJ) marked as A, B, C and D are used
for writing skyrmions. MTJ D is also used for reading output voltage. b and ¢ are spin
structures in MTJ of parallel (P) and antiparallel (AP) state respectively. Spins in AFM
layer are reoriented into local in-plane order resulting in local exchange bias field and
pinning sites (PS). d Layout of pinning sites and MTJs. e - h Skyrmion motion in FM
layer under different input current. J represents the overall current direction and v
represents the skyrmion velocity. I1 = 0 and I = 0 indicate no input current (or
equivalently, input 0) leading to no skyrmion motion. I1=0(i=1)and =1 (I, =
0) indicate the applied in-plane current flowing along y (x) axis and the skyrmion moves
along vector (-1, 1) [(1, 1)]. i = 1 and I, =1 indicate current flow along vector (1, 1)
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and the skyrmion moves along y axis.
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Fig. 2 | Simulated logic device with XOR function. A complete process includes four
setsofinputs: a1 =0 & L =0,b; =0 & L =1,c1=1 &, =0andd [, =1 & > =1, and
four operations: clean, initialization (initial for short), input and read. al-d1: ‘Clean’
operation wipes out all skyrmions in FM layers by a large current pulse. a2-d2:
“Initialization” operation creates skyrmions in specified pinning sites to initialize
specific logic function. a3-d3: ‘Input’ operation injects the input signals (currents) and
drives the skyrmion motion. Black arrows indicate the input currents. The arrows
marked by green, red and blue show the trajectory of skyrmions after injecting current.
a4-d4: ‘Read’ operation reads the output voltage signal from MTJ D. The output signals
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‘R’ are indicated by dashed arrows.

L1 A D AD BC | ABC | BCD
1| '2 | (AND) | (NOR) [(NXOR)| (XOR) | (OR) |(NAND)

) O i Dy ) CY i) Ll e i

olo| 0C 19 1@ 0O 00 |1@

C OO0 0|0 C| 8 & @ 8| #F 5
» O & & O

QS0
10|00 | 0® |6
¢ 7N

kY v 1 { {
4 » 1}. }'l | 2 1/’
N Y {7 N A
P 7 77 2
{ i) ] )
3 78 Nl oot N
27N Y X 7 A, s - . ol
SN \ | Ei%) (&6 AT \ P
Ak, NZ ! Nae NG N 3 4 s
T o
( 7 ~
1 0 3% 1 0““" 0‘\.."
. i 7 N Jesy o N
(6] (s L) 7 (57 ) ) { ) a =) '
Nio? N/ et et et L N N/ RS, Nea# N N
l"\‘
0 J D) (£

Fig. 3 | Simulated results of different logic functions. The function is configured by
setting the skyrmions in specified pinning sites. The corresponding initial states and
logic functions (written in the bracket) are shown in the first row. “1” or “0” indicates
the output signal from MTJ D. The arrows marked by green, red and blue show the

trajectory of skyrmions after injecting different input currents.
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0,,c = 0.08 (PtMn)

0., = 0.4 (this work)
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Fig. 4 | Duration of input current (#,) as a function of the current amplitude (J,) for
various Osyg. The curves are plotted according to Eq. (6) with different value of Ogyy

marked by blue green (0.3 for IrMn3, Ref. [35]) , black (0.08 for PtMn, Ref. [34])
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A(AND) B(NIMP) C(RNIMP) D(NOR) AB(l4) AC(l,) AD(NXOR) | BC(XOR)
VL@ ® ® ® © © ® 5
© | ® © ® © | ® © @ © | ® @
® ® ® ® ® ® ® ®
00 0 0 0 1 0 0 1 0
0|1 0 0 1 0 0 1 0 1
110 0 1 0 0 1 0 0 1
11 1 0 0 0 1 1 1 0
BD(NOT I,)[CD(NOT I,)| ABC(OR) BCD%AND) ACD(IMP) [ABD(RIMP)| --(False) |ABCD(True)
®
Ve e% | 6% | @ ® | @ © o | 6% | @ | o°@
® ® ® ® ® ® ® ®
0|0 1 1 0 1 1 1 0 1
0|1 0 1 1 1 1 0 0 1
110 1 0 1 1 0 1 0 1
11 0 0 1 0 1 1 0 1

Tab. 1 | Sixteen logic functions programmed by different skyrmion configuration.
Gray cell indicates the input value (I and I»). The corresponding initial states for
different logic function (written in the bracket) are shown in the first row. Orange cells
represent the common logic functions. Blue cells indicate material implication. Green

cells indicate inoperations and NOT gate. Pink cells represent False and True.
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Appendix A: LAYOUT OF PINNING SITES AND MTJS

The skyrmion Hall angle determines the direction of motion of skyrmion under applied
current. This machine thus influences the layout of pinning sites and MTJs in the
proposed skyrmionic programmable logic device, as shown in Fig. 5 d and h. For Osi#E
~ 45° degree, the layout is shown in Fig. 1 (d) of the main text. For Osi-zE> 45° (OsiruE
< 45°), the layout can be obtained by whole counterclockwise (clockwise) rotation of
the one with Oswne = 45°. For example, when the damping constant is 0.01, the
skyrmion Hall angle is close to 90 degrees. Thus, the layout of device is rotated about
45 degrees clockwise. The simulation results are shown in Fig. 6. The performance of
proposed device is still robust. This also implies that the damping should also be taken

into account when optimizing the device.

Appendix B: Micromagnetic simulations with large area and open boundary
condition

Fig. 7 shows the simulation results of the XOR gate with sample size 800 x 800 x 1
nm® and open boundary condition. The results are still robust and similar with that

shown in Fig. 2.
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Fig. 5| Sketch of the layout of pinning sites and MTJs in different skyrmion
Hall angle. a-c and e-g are skyrmion motion with small and large skyrmion Hall angle.
d and h are the layouts of pinning sites and MTJs. The solid blue line in ¢ and g is

parallel to d and h.
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