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Magnetic Logic Gate Based on Polarized Spin Waves
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Spin wave, the precession of magnetic order in magnetic materials, is a collective excitation that carries
spin angular momentum. Similar to acoustic or optical waves, the spin wave also possesses the polarization
degrees of freedom. Although such polarization degrees of freedom are frozen in ferromagnets, they are
fully unlocked in antiferromagnets or ferrimagnets. Here we introduce the concept of magnetic gating
and demonstrate a spin-wave analog of the Datta-Das spin transistor in antiferromagnets. Utilizing the
interplay between polarized spin wave and the antiferromagnetic domain walls, we propose a universal
logic gate of pure magnetic nature, which realizes all Boolean operations in one single magnetic structure.
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I. INTRODUCTION

How to go beyond “Moore’s law” is of great inter-
est for both fundamental scientific researches and indus-
trial enterprises [1,2]. The core issue of the present
silicon technology is the enormous energy dissipation
caused by the shrinking dimensions of transistors and
the von-Neumann architecture [3]. Developing the non-
von-Neumann architecture, or more specifically the in-
memory computing architecture, is a promising route
towards easing the issues faced in the information tech-
nologies.

At present, most of the developments in spintronics,
including the discovery of giant magnetoresistance (GMR)
[4,5], spin-transfer torque (STT) [6,7], spin-orbit torque
(SOT) [8], and the invention of the STT and SOT MRAM
and the magnetic racetrack memories [9,10], concentrate
on data storage. And they all rely on the spin current
carried by the conduction electrons, which gives rise to
the unavoidable Joule heating. To go beyond above lim-
itations of spintronics, it is highly desirable to employ
the types of spin carriers that not only dissipate less but
can serve both purposes of data storage and process-
ing. One of the promising candidates is the spin wave
(or magnon) [11,12], the collective precession of ordered
magnetization in magnetic materials. The mutual con-
trol between spin waves and magnetic domain walls was
recently demonstrated experimentally for the first time by
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Han et al. [13], which strengthens the applicability of the
computing scheme proposed in this paper.

For the purpose of data processing based on spin waves,
most efforts so far have used the spin-wave amplitude or
phase to encode information [14—18,18-21]. However, it
is more natural to use the more robust polarization degree
of freedom to encode information [22]. In ferromagnets,
the polarization freedom is frozen because only the right-
circular polarization is allowed. In antiferromagnets, there
are two degenerate eigenmodes precessing in opposite
directions, i.e., the left- and right-circular polarization [22—
25], which are sometimes referred to as the spin-wave
chirality [26], helicity [27], or isospin [28]. With two cir-
cular modes, spin waves possessing arbitrary polarizations
can be constructed, just like its optical counterparts.

In this paper, we introduce the concept of magnetic gat-
ing, where the exchange field from a magnetic gating layer
can shift the spin-wave dispersions in an antiferromag-
net. In the meantime, the degeneracy of the two circular
spin-wave modes is lifted by the gating magnetization,
causing a polarization rotation for the linearly polarized
spin waves. This magnetic gating effect on spin-wave
polarizations, together with the polarization-selective spin-
wave-driven domain-wall motion presented by the same
authors previously [29], forms a complete interconversion
scheme between the static magnetic texture and dynami-
cal spin waves via the polarization channel. Based on this
scheme, we propose a purely magnetic logic gate, whose
inputs and outputs are both the nonvolatile magnetic race-
track memories [9,10], and the information processing in
between is accomplished by polarized spin waves. Because
of the interaction between the polarized spin wave and
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antiferromagnetic domain wall possesses a special feature
of double threshold behavior, such a magnetic logic gate is
capable of achieving all unary and binary logic operations
in one single hardware structure.

II. MODEL

For simplicity, instead of a real antiferromagnet, we
consider a synthetic antiferromagnet (SyAF) consisting of
two spatially separated magnetic sublayers extending in x
direction [30,31], as depicted in the insets of Fig. 1(a).

The two sublayers are coupled antiferromagnetically
via the Rudderman-Kittel-Kasuya-Yosida (RKKY) inter-
action across a metallic spacer layer [32]. The magneti-
zation dynamics of the SyAF is described by the coupled
Landau-Lifshitz-Gilbert (LLG) equations [22,24]

m; (x, 1) = —ym; (x,2) x KT 4 amy (x, 1) x 1i; (x, 1),

(D

where j = 1,2 denotes the lower and upper sublayer,
respectively, y is the gyromagnetic ratio, and « is the
Gilbert damping constant. Here Hj'?ff = Km; Z+AVim; —
Jm; + H; (with 1=2,2=1) is the effective magnetic
field acting on sublayer m;, where K is the easy-axis
anisotropy along Z, 4 and J are the intra and interlayer
exchange coupling coefficients, and H; is the external
magnetic field.

The equilibrium magnetization of the two sublay-
ers m?’z points in FZ direction, respectively. Upon this

collinear magnetic configuration, we separate the static
and dynamical components of the sublayer magnetization
as m; (x,7) = ij + dm; (x, 1), where m; = m;X + mjyﬁf is
the transverse dynamical component of spin wave. By lin-
earizing the LLG equation Eq. (1) to the leading order
of m; = m} — im;, and ignoring the damping term, the
spin-wave dynamics reduces to

0 - N
(—1)/i8—tmj =y[-AV> + K +J + (=1Y H; i, + yJ ;.
2

When the external field vanishes (H; = 0), Eq. (2) hosts
two degenerated circularly polarized spin-wave modes
with dispersions as wy/g(k) = Y VAR + K +J)2 —J?
for the left- and right-circular mode, where & is the
wavevector along X.

ITI. SPIN-WAVE POLARIZATION
MANIPULATION VIA MAGNETIC GATING

To lift the degeneracy between these two circular spin-
wave modes, we introduce a modified SyAF structure by
capping a magnetic gating layer (mg) upon the SyAF
[see Fig. 1(a)]. The gating layer is antiferromagnetically
coupled to the upper layer of SyAF via RKKY with
strength 2.J'. For simplicity, the gating layer magnetization
is pinned along the Z axis with mg = £Z. The mag-
netic gating effect of mg on SyAF is introduced via the
exchange field H, = —2J'm¢ from the gating layer on the
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FIG. 1. Magnetic gating effect on spin-wave polarization. (a) Spin-wave dispersions for the left- and right-circular modes for ungated

(gray), up-gated (red), and down-gated (blue) SyAF. Inset: a SyAF gated magnetically by the capping layer mg. (b) Spatial variation
of the spin-wave polarization across an ungated-gated-ungated SyAF junction extracted from the micromagnetic simulations. The
vertically polarized spin wave of frequency f = 11.5 GHz is injected from the left side. Top and bottom: the Lissajous-like pattern
showing the stagger order n*V = (m,” — m,”)/2 for the down and up-gated case. Data for about eight periods (in total 0.625 ns) are
included for each circle. The total number of pixels in each circle is 34, and each pixel corresponds to the stagger order for a specific
time. The time separation between two pixels is about 0.02 ns, corresponding to six minimal time steps (about 0.003 ns). Middle:
the polarization angle as a function of position. (c) Spin-wave polarization rotation angle A9 as a function of spin-wave frequency
for a down and up-gated SyAF. Data points are extracted from micromagnetic simulations, and the curves are calculated from a full
scattering calculation (solid) and the WKB approximation (dashed). Insets: the transmission probability across the magnetic-gating
region. All figures in the paper use the following parameters: y = 2.21 x 103 A/m, K = 3.88 x 10* A/m, 4 = 0.328 x 107! A m,
J =10° A/m, and J’ = 0.675 x 10* A/m. For (b),(c), the length of the gating region is / = 240 nm.
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upper sublayer, while the lower sublayer is not affected
(thus H; = 0). This magnetic gating field modifies the
spin-wave dispersions in the SyAF [22,33] to

wpk) = /(AR + K+ —J'miy? —J2 F yJ'mi,
3)

where m7, = X1 denotes the magnetization direction of the
gating layer [34].

The modified dispersions in Eq. (3) are plotted in
Fig. 1(a), showing that the magnetic gating either increases
or decreases the spin-wave gap depending on the gat-
ing magnetization direction (mg = %Z). In the meantime,
the magnetic gating lifts the degeneracy between the left-
and right-circular modes due to the preferential coupling
between the capping layer and the upper sublayer of SyAF.
Consequently, the left- and right-circular modes with the
same frequency w would propagate at different wavevec-
tors kzp with w = wp(ky) = wr(kr), which results in a
relative phase delay between the right- and left-circular
spin-wave components. The magnetic gating effect here
is realized via RKKY interaction between the capping
ferromagnet and SyAF. Similar gating effect should be pos-
sible via the exchange bias effect between ferromagnet and
real antiferromagnet [35], for controlling the spin-wave
polarizations in the latter.

When a linearly polarized spin wave of frequency w
is passing through a gating segment of length /, this rel-
ative phase delay induces a rotation of the linear polar-
ization by angle A0 = (k; — kg)I/2, where ki p satisfies
Eq. (3) with wr/r(kz/r) = w. In WKB approximation, the
magnetization-dependent rotation angle

Ab ~ — n(1 —mkol, 4)

w

where n = (J'/24k5)m?; denotes the gating efficiency, and
ko is the wavevector without gating. As seen, the rotation
direction is explicitly controlled by the gating magnetiza-
tion direction my; via n. The different rotation angle for the
up and down-gated case is due to the quadratic spin-wave
dispersions in Eq. (3). In addition, for the down-gated case
(m7 = —1) as shown in Fig. 1(a), the increased spin-wave
gap effectively introduces a potential barrier in the gated
region, which causes a slight reflection. It is this small
amount of reflection that induces some nonregularity of the
Lissajous-like pattern in the upper panels of Fig. 1(b). For
the up-gated case (mg; = +1), the lowering dispersions of
the gated region is effectively a potential well, which has
much less reflection, and the resulting polarization is much
cleaner as seen in the lower panels of Fig. 1(b).

This magnetic-gating-induced polarization rotation is a
spin-wave analog of the Datta-Das spin transistor [36]:
the spin-wave polarization rotates in opposite directions

when the magnetic gating reverses or mg, changes sign.
This spin-wave Datta-Das field transistor is of purely mag-
netic nature, and thus is different from the spin-wave field
transistor proposed by Cheng et al. using an electrical gat-
ing of the Dzyaloshinnski-Moriya interaction (DMI) [24].
Figure 1(b) shows a micromagnetic simulation of the mag-
netic gating effect on a linear y (90°) polarized spin wave
of frequency f = w/2m = 11.5 GHz. It is seen that, as
the spin wave passes across the magnetic gating region,
its linear polarization steadily rotates (counter)clockwise,
and finally acquires a rotation angle of AG = +26°/—19°
for down and upgating according to Eq. (4). The frequency
dependence of the rotation angle A8 is shown in Fig. 1(c),
agreeing with the scattering calculations and the WKB
expression in Eq. (4). The dipolar field only leads to a sim-
ple reduction of the interlayer coupling J' in the spin-wave
rotation, and thus is neglected here.

The magnetic gating provides the capability of con-
verting the information from static magnetic domains to
polarized spin waves. To form a complete interchanging
scheme between static magnetic domains and dynamical
spin waves, one needs an extra ingredient of manipulat-
ing magnetic domains via polarized spin wave. It is known
that, in the presence of DMI (which naturally exists in
SyAF), the antiferromagnetic domain wall reflects spin
waves differently according to its linear polarization [22].
As shown in Refs. [22] and [29], the dynamics of the
spin-wave scattering by an antiferromagnetic domain wall
can be described by a set of Klein-Gordon-like equations

y9ine = J[40] — Ug(0)]ns, (5a)

ydiny = J[A48; — Ug(x) — Up@)]ny,  (5b)
where 9, = 3/93¢, 3, = /9, and n,, = m;” —m,” is the
x/y component of the staggered magnetization. Here
Uk (x) = K[1 — 2sech?(x/W)] is the effective (reflection-
less) potentials arising from the easy-axis anisotropy at the
domain wall of width W. And the DMI-induced effective
potential Up(x) = (D/W)sech(x/W) acts as an effective
hard axis for the y component, which causes reflections
for y-polarized spin wave only. Because of the component-
dependent effective potentials, the spin-wave reflectivity
strongly depends on its polarization: R, ~ 0 while R, > 0.
The reflected spin wave transfers linear momentum to the
domain wall, pushing the domain wall forward. Assumed
as a rigid object, the domain wall is parameterized by its
location X, which satisfies a Newtonian-type equation of
motion [29]:

1 9°X
WJ 9t

4o 0X )

— — = p*4K’R,,, 6
war P ©
where p is the incoming spin-wave amplitude. Equation
(6) indicates that the domain wall is pushed forward by
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the reflected polarization (§ polarization here, R, > 0) but
stays still for the transmitting polarization (X polarization,
R, =~ 0) [29].

IV. SPIN-WAVE-BASED LOGIC GATES

With the two complementary ingredients, i.e., the mag-
netic gating effect in manipulating spin-wave polarization
and the polarization-dependent domain-wall motion, we
are ready to construct logic gates of purely magnetic
nature.

A. Unary gates

The simplest logic gate of all is the NOT gate. A mag-
netic NOT gate, shown in Fig. 2(a), consists of two mag-
netic racetrack memories bridged by a logic track made
of SyAF. All adjacent layers are coupled antiferromagnet-
ically via RKKY interaction. The input and output bits are
stored as magnetic domains in the racetrack memory with
spin up and down for bit 1/0. In the logic track, an anti-
ferromagnetic domain wall is located close to the output
track. The linearly polarized spin wave is injected from
the left and propagates along the logic track toward the
domain wall. Without driving spin waves, the domain wall
stays at or relaxes back to position Pj, by anisotropy gra-
dient for example [37]. Under influence of driving spin
waves, the domain wall may or may not be pushed up to
position P,, depending on the polarization of the incoming
spin wave. In the simulation, the amplitude of the driving
spin wave corresponds to a cone angle of approximately
5.7°, which is comparable to spin-wave strength (approxi-
mately 5°) realized in the recent experiment demonstrating
the spin-wave-driven domain-wall motion [13].

The magnetization in the input memory track acts as
a magnetic gate, modulating the spin-wave polarization
running in the logic track according to the input bit: the
bit 0 (1) corresponds to up(down)-gating. For a NOT gate,
the polarization of injected spin waves (of frequency f =
11 GHz) is chosen as 6; = 106°, and the length of the
gating region (equal to the width of the input track) is
/ = 240 nm such that an overall rotation angle of A6y =
+29° for bit 0 or A9; = —16° for bit 1, and Ay —
A6 = 45° [38]. Via the magnetic gating, the bit infor-
mation stored in the input track is read out and encoded
into the rotated spin-wave polarization in the logic track:
Bo/1 = 6; + Aby;1 = 135°/90° for bit 0/1, as shown in the
polarization rotation diagram for NOT in Fig. 2.

The following information processing is realized using
the polarization-selective spin-wave-driven domain-wall
motion mentioned above and detailed in Ref. [29]. More
specifically for the NOT gate, the modulated spin wave,
after being gated by the input bit 1, is polarized along §
(90°), therefore the spin wave is completely reflected and
this transfers enough momentum to push the domain-wall
position P; across the output track to position P,. On the

Input memory track NOT

Spi
N w,
CI7

Logic track Output memory track

&, " <

r 9 A
Magne[_ ) l Domain wall reflects the y-polarization
/23[,0,7 .

/.rscf/on spin wave and is pushed forward to P,.

Polarization color map (left) and polarization rotation diagrams for cione and ot

y 0

FIG. 2. A magnetic unary gate consists of an input and an out-
put memory track (magnetic racetrack memory) bridged by a
logic track (a SyAF wire with a domain wall). The racetrack
memories can be driven by electric current to shift the desired
bit into (out of) the logic track. This unary gate realizes the NOT
function for 6; = 106° (as shown), but the CLONE function for
0; = 61° (not shown). Bottom: the color map of the linear spin-
wave polarization (left), the polarization rotation diagram for the
CLONE gate (middle) and the NOT gate (right). The shaded area
indicates the polarization angles, which can push the domain wall
to P;.

other hand, the modulated spin wave gated by input bit 0
has 135° polarization, far away from y polarization, the
reflection is small, and the domain wall stays at or returns
to P;.

The output is written to the output memory via mag-
netic imprinting: because the magnetizations in the upper
sublayer of SyAF and the output track are always oppo-
site, when the domain wall is at P;, the upper sublayer
magnetization of SyAF is up, and thus the magnetization
in the output track is down, corresponding to bit 0. The
overall results are for the input bit 1 (0), the modulated
spin wave pushes the domain wall to P; (P,), and thus
bit 0 (1) is imprinted to the output track, realizing a NOT
gate with 1 — 0 and 0 — 1. Multiple cycles of NOT oper-
ations are simulated using micromagnetic simulations (see
Video 1).

A unique advantage of this magnetic logic is its extreme
configurability. As shown above, the gate structure in
Fig. 2 functions as a NOT gate when injecting spin wave
with polarization 8; = 106°. Merely by changing the injec-
tion polarization to 6; = 61°, this unary gate manifests
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VIDEO 1. Micromagnetic simulation video showing the work-
flow of a 1-bit NOT gate. The injected spin waves are 106°
polarized. The simulation duration is 40 ns so that there are four
operation cycles demonstrated.

itself as a CLONE gate, i.e., cloning the input bit to the
output memory.

B. Binary gates

For the binary gates, there are three possible input com-
binations: 00, 01/10, 11 and two possible outputs: 0 or
1, therefore there are in total 23 = 8 distinct gates. These
include six nontrivial gates: OR, AND, NOR, NAND, XOR,
XNOR, and two trivial gates that map all input combinations
unanimously to either 0 or 1 (called ZERO and UNITY
here).

The binary gates can be extended from the unary gate by
adding one more input track as depicted in Fig. 3, which
has now two input memory tracks (A and B) and two out-
put tracks (U and L), bridged by an SyAF logic track. Since
all adjacent layers are coupled antiferromagnetically, the
upper and lower output (U and L) always yield opposite
results, e.g., if output U is logic OR, then output L gives
logic NOR.

With two input tracks, the injected spin wave is gated
by two consecutive magnetic gating segments. Because
the polarization rotation caused by bit 0 and bit 1 are the
opposite, the overall rotation can be either enhanced when
the inputs are the same (00 or 11), or reduced when the
inputs are different (01 or 10). For three different input
combinations, the spin-wave polarization would rotate by
AQQ() = 2A90 = +580 for input 00, AQ]] = 2A91 = —32°
for input 11, and A6y = Abjy = Aby + A6, = +13° for
input 01 or 10, each separated by exactly 45°.

When the injected spin wave has polarization angle 9; =
+32° (as shown in Fig. 3), the modulated polarization after
gating becomes 6yy = 90° for input 00, 6;; = 0° for input
11, and 6y = 019 = 45° for input 01 or 10, respectively.
Since only 6y has a large enough y component (within
the shaded area in the rotation diagrams in Fig. 3), the
domain wall moves across the output tracks to P, only for
input 00, and the moved domain wall imprints bit 0 to the

I {Input A OR/NOR

4 P4 D¢ {Input B

/ “Output U‘
7 }OutputL‘

B

0
) n n Y
N7 ) S~
N\ / é
7\
1 )
oR XNOR NAND.
7 <

FIG. 3. A magnetic binary gate consists of two input race-
track memories and (at least) one output racetrack, bridged
by a logic track. Inset: the polarization rotation diagram for
the OR/XNOR/NAND gate with the initial polarization angle
32°/77°/122°.

output U track: 00 — 0. For all other inputs, the domain
wall stays at P, which writes bit 1 to the output U track:
01/10/11 — 1. Therefore, the binary gate shown in Fig. 3,
with injecting polarization 6; = +32°, realizes an OR gate
in the output U track, and in the meantime a NOR gate in
the output L (see Video 2).

Similar to the unary gate, the binary-gate structure in
Fig. 3 can also serve as multiple different gates by simply
altering the polarization of the injected spin waves. Based
on the polarization rotation diagrams in Fig. 3, the gates
OR/XNOR/NAND (NOR/XOR/AND) are realized in the output U

OR Inpy¢

0/

o/
y &

VIDEO 2. Micromagnetic simulation video showing the work-
flow of a 2-bit OR gate. The injected spin waves are 32.5°
polarized. The simulation duration is 50 ns so that five opera-
tion cycles are demonstrated. The demonstration covers the full
cycle of the 2-bit truth table and is proven to work as an OR gate
as shown Fig. 3.
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‘Instruction I‘ Instruction J‘ ‘Instruction K‘ ‘ Input A ‘ Input B

Output U|

Instructions

NAND ~ OR  XNOR UNITY CLONE NOT
AND NOR XOR ZERO ~NOT CLONE

Realized
Gate

~ S x < -
=
=

Universal Logic Gate

FIG. 4. The universal logic gate with two instruction tracks (I,
J) can realize all unary and binary logic gates with fixed 90°
spin-wave polarization injection. Inset: the instruction table for
realizing different gates.

(L) track when the injected spin waves are polarized along
32°/77°/122°.

C. Universal gate

Although the unary and binary gates above can real-
ize different gate functions by varying injected spin-wave
polarizations, it is inconvenient to do so. To avoid this
complication, we propose a universal logic gate as shown
in Fig. 4, which uses two more instruction tracks (I, J).
According to the bits in the instruction tracks, the 90°
polarized spin wave can be preprocessed into the desired
32°/77°/122° polarization. For instance, when the instruc-
tion bits are 1J = 10, the polarization after the instruction
tracks is 77°, realizing XNOR/XOR for the output U/L. This
structure can also function as a unary gate by using the
input A as the third instruction K. For instance, when
IJK = 010, it is a CLONE/NOT gate from input B to output
U/L.

According to the instruction table in Fig. 4, this struc-
ture realizes all ten unary and binary logic gates, therefore
we call it a universal logic gate. In other words, a magnetic
logic gate using only one logic track can realize multiple
functionalities, which usually require a dozen of conven-
tional electronic gates. Micromagnetic simulations confirm
the functioning of the universal logic gate (see Video 3).

V. DISCUSSIONS
A. Double-threshold nonlinearity

A Boolean logic maps an »-bit input to a 1-bit output.
When treating the input and output bits in equal foot, there
are n + 1 possible bits, and thus in total 2"+! different types
of gates. Two of them are trivial gates, which unanimously
map all inputs to O (or 1), and the rest 2"*! — 2 gates are
nontrivial logic gates. For example, there are two nontriv-
ial unary gates (n = 1): the CLONE and NOT gate, and there

Instruction Inpyg¢

XNOR

VIDEO 3. Micromagnetic simulation video showing the work-
flow of a universal gate. The injected spin waves are 90° polar-
ized (linear y polarization). The Gilbert damping is reduced
to 3.6 x 107 to compensate the additional propagation length
induced by the instruction tracks. The simulation duration is
120 ns so that 12 operation cycles are demonstrated. The 12 oper-
ations cover the full cycle of the 2-bit truth table (22 = 4 opera-
tions) three times. According to different instructions 11/00/01,
the universal gate works as OR/NAND/XNOR, respectively, which
is consistent with Fig. 4.

are six nontrivial binary gates (n = 2): the AND, OR, XOR,
NAND, NOR, XNOR gate. In order to realize logic gates,
physical systems with nonlinearity are required. A typi-
cal nonlinear physical behavior is the threshold behavior,
i.e., some physical property undergoes an abrupt change
when the input is above a certain threshold (see the top
panel of Fig. 5). Typically, the strength of the input is
a monotonic function of the number of 1s in the input.
Therefore, the input strength increases in sequence of 00,
01/10, 11. When the threshold is set to be between 00 and
01/10, it distinguishes 00 from 01/10 and 11 and realizes
an OR gate. When the threshold is between 01/10 and 11, it
realizes an AND gate. However, the single threshold behav-
ior cannot realize the XOR gate, which distinguishes input
01/10 from 00 and 11.

1
00 11 OR
00 01/10 AND
0 Single-threshold
1 s
{ 01/10 11 or
00 11 XOR

Double-threshold

Total strength of two inputs

FIG. 5. Logic gate realization based on a single (top) and
double (bottom) threshold mechanism.
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In contrast to the typical nonlinearity with a sin-
gle threshold, the nonlinearity used in this paper shows
a special double-threshold behavior, i.e., the physical
state undergoes an upward abrupt change when the
input strength saturates, and undergoes another downward
abrupt change when the input strength over saturates. The
physical systems with such double-threshold behavior can
not only realize the OR and AND gate, but also the XOR gate,
as shown in the bottom panel of Fig. 5.

In this paper, the input is the polarization angle of the
spin wave. The domain wall moves forward only if the
polarization angle 6 is close to 90° (or |sin 6| ~ 1), while
the domain wall does not move when the polarization angle
is much smaller or larger than 90° (e.g., | sin €| < 0.5), thus
realizing a double-threshold behavior as required.

Typically, the input strength is not easily tunable, and
thus the threshold value needs to be adjusted to realize
different gates, no matter it is for the single-threshold or
double-threshold systems. Therefore, different gates would
need different hard structures. However, for the magnetic
logic in this paper, the threshold values remain unchanged,
but the input strength (polarization angle here) can be
easily modulated via tuning the initial polarization angle.
Because of the double-threshold behavior and the polar-
ization tunability, the magnetic logic gate is a universal
logic gate, i.e., one hardware structure realizes all logic
functionalities.

B. Nonvolatile computing

The spin-wave computing architecture proposed in this
paper is of purely magnetic nature, where both the data
storage and processing are achieved using magnetic ele-
ments. Since all inputs and outputs are stored in the non-
volatile racetrack memories, the magnetic logic naturally
realizes nonvolatile memory-to-memory (or in-memory)
computing. Because of this nature, the relatively short
lifetime of spin wave is not a serious issue as long as
it can sustain accomplishing one single operation, after
which the result is stored. As a result, the hardware itself
is not only programmable and can even evolve on real
time, much more flexible than the field programmable gate
arrays (FPGA). This capability makes it possible to realize
evolvable hardware based on magnetic logic.

For a computing architecture to be fully functional and
scalable, it has to meet the above five requirements: non-
linearity, Boolean functions, feedback elimination, gain
and concatenability [39]. As for the present magnetic
logic, the “nonlinearity” naturally comes from the double-
threshold behavior of polarized-spin-wave-driven domain-
wall motion in the logic track. Apparently, the magnetic
logic here can realize all “Boolean functions”, and in fact,
using only one hard structure. “Feedback elimination” is
ensured because the domain wall in logic track is con-
strained between P; and P, by gradient anisotropy, and

thus its influence is not able to penetrate back into the input
memory track. There is no “gain” issue neither, because
the power is supplied through spin-wave injection in each
logic track (via microwave through microantenna or spin
current for instance), thus no gain from the input track is
needed. And since both input and output of the logic are
racetrack memories, the magnetic logic automatically pos-
sesses the “concatenability” by using the output track of
one logic gate as the input track of the following logic
gates.

VI. CONCLUSION

In conclusion, we introduce the concept of magnetic
gating on spin-wave polarization, which gives rise to a
purely magnetic analog of the Datta-Das spin transistor.
Based on this magnetic gating effect, we propose a univer-
sal logic gate of purely magnetic nature, with data stored
in the static magnetic textures (domains) and processed by
its dynamical excitations (polarized spin wave). Because
of its nonvolatility and universality, this magnetic logic
concept provides new designing principles for in-memory
processing.
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APPENDIX A: NUMERICAL METHOD

The functionalities of the proof-of-principle logic gates
are verified via micromagnetic simulations. The simula-
tions are performed in a two-dimensional environment
built upon a self-developed Micromagnetic Module in
COMSOL Multiphysics (a commercial software based on a
finite-element method), where the LLG equation is trans-
formed into weak form, and solved with a generalized
alpha method [40—42]. Strict benchmarking is performed
to ensure the correctness and robustness of this Micromag-
netic Module. In comparison with the existing micromag-
netic packages (such as MuMax or OOMMF), the advantage
of this COMSOL-based Micromagnetic Module lies in that it
can easily deal with complicated device structures such as
the ones studied in this paper. The same method has been
applied in several cases, including both ferromagnetic and
antiferromagnetic systems [20,22,29,43].
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The magnetization dynamics of the SyAF structure is
described by the coupled LLG equations for each sublayer
[22,44],

m; (r,f) = —ym; (7,1) X Hfﬁ+ajmj (r,t) x m; (r,1) + T;,
(A1)

where j = 1,2, 3 denotes the lower and upper layer of the
logic track and the memory track above, respectively. Here
y =221 x 10° Hz m/A is the gyromagnetic ratio, o; is
the Gilbert damping constant for the j th layer.

H™ = Ko+ AV my + D[ (V- my) 2 — Vi | —Jmy
(A2)

is the effective field acting locally on sublayer m;, with j
denoting the neighbouring layer of j th layer. The parame-
ters are taken as the following: the perpendicular easy-axis
anisotropy K = 3.88 x 10* A/m, the exchange coupling
constant 4 = 3.28 x 10~!" A m, the coefficient of interfa-
cial DMI D = 1.4 x 1073 A [22], and the antiferromag-
netic exchange coupling due to RKKY interaction in the
logic track isJ = 1.0 x 10° A/m. These values all fall into
the reasonable range of conventional SyAF structures [31].
The effects of the dipolar fields are neglected in micro-
magnetic simulations because of two reasons: (i) the static
dipolar field effectively only reduces the anisotropy K
and the interlayer coupling J' (see Supplemental Material)
[45], (i) the spin waves used are exchange spin wave with
very short wavelength for which the long-range dynam-
ical dipolar interaction can be ignored. Clocked current
pulses (interval 10 ns, duration 0.8 ns) are applied in the
memory track to shift the memory bit in the racetrack. The
current-induced spin transfer torque in the memory track
is taken as 73 = (u- V)m; — Sms3 x (u- V)m; [46,47],
where u = ugy with uy = £500 m/s represents the cur-
rent flowing in certain direction y (in Fy direction for the
current in input and output track in Fig. 2). The Gilbert
damping o, in the logic track is taken as 4 x 107, for
which the spin wave can propagate up to 10 um, suffi-
cient for the purpose of logical operation considered in this
paper. The damping constant is set to o3 = 0.2 [48] in the
memory track to guarantee the stability of current-driven
domain-wall motion, and the nonadiabatic coefficient is
B = 0.2. The exact value of 8 is not crucial in this work.

APPENDIX B: MODELING OF THE MAGNETIC
LOGIC GATE

The width of the logic track is 200 nm, and the
width of the memory track is / =240 nm. In this tri-
layer retarder structure, the antiferromagnetic exchange
coupling between the memory track and the logic track is
2J" =135 x 10* A/m.

In the writing region, an asymmetric coupling between
the logic track and the memory track is built in, i.e., magne-
tization in the logic track can be easily imprinted into the
memory track, while magnetization in the memory track
has little effect on the magnetization in the logic track.
Such an effect can be realized by various approaches. One
way is to make the total magnetization of the output mem-
ory track at the crossing section much smaller than that of
the logic track, which can be realized by either reducing the
memory-track thickness or using softer magnetic materials
in the memory track.

The domain wall in the logic track has two stable posi-
tions: Py and P,. P; is its natural position in the absence
of driving forces (from injected spin wave), and P, is
the position when there is sufficient driving force. Such
domain-wall motion behavior is realized by building in an
anisotropy gradient between P, and P, in the logic track.
Py is the location with the minimum magnetic anisotropy.
And the slope of the gradient defines the minimum force
required for the domain wall being pushed to P,. Such
an anisotropy gradient can be realized experimentally by
various means, e.g., by ion irradiation [37] or geometric
thickness and width modulation [49,50]. In our simula-
tion, the anisotropy gradient is taken as 2 x 10° A/m?.
When the driving force due to the reflected spin wave
overcomes the anisotropy gradient, the domain wall moves
away against the gradient. Due to the attenuation of spin
waves, the competition between the spin-wave driving
force and the anisotropy gradient reaches balance, and the
domain wall is finally stabilized at P,. In the simulations,
we set a high-damping region around P, to attenuate the
spin waves (which can be easily realized in experiments by
covering a metal stripe). When the driving force exerted
by the spin waves is not strong enough, the domain wall
will naturally come back to P;. The duration between
two sequent operation is chosen as 10 ns (correspond-
ing to clocking rate 0.1 GHz), which is long enough for
the domain wall to reach its stable position, so that the
logic gate is reliable and can work correctly for sequent
operations. The stability has been demonstrated by the
micromagnetic simulation (see Videos 1-3).
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