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ABSTRACT In this paper, an interconnect scheme based on automotion of domain walls (DWs) for
all-spin logic (ASL) has been proposed. The proposed interconnect is analyzed using a comprehensive
numerical model including an equivalent circuit for ASL operations, the 1-D Landau-Lifshitz—Gilbert
equation for DW creation, reflection, and disappearance at the boundaries. Analytical expressions for
DW transport along the wire are also presented. From the model, it is found that the reflection of the DW can
be eliminated using a material with a high Gilbert damping coefficient at the end, the energy dissipation can be
independent of the interconnect length, and DW displacement and energy dissipation can be further improved
using a material with a low damping factor and saturation magnetization. Furthermore, the interconnect
reliability is also studied by applying the thermal random noise analysis on the dynamics of DWs, and it
is found that thermal fluctuations can have a significant impact on the interconnect performance; thus, the

interconnect with a low Gilbert damping factor is desired to suppress the thermal noise effects.

INDEX TERMS All-spin logic (ASL), domain walls (DWs), interconnects.

. INTRODUCTION

ECENTLY, active research has been focused on com-
Rputational devices using electron spin for the beyond-
complementary metal-oxide—semiconductor technology [5].
In particular, a lateral nonlocal spin valve combined
with spin-transfer-torque switching, also known as all-spin
logic (ASL) [6], has drawn a lot of attention since it provides
a complete set of Boolean functions with an extremely low
operation voltage due to the full metallic structure. In general,
any emerging logic device needs to have a compatible fast and
low-power interconnect technology; otherwise, the intrinsic
advantage of the device may be shadowed by the wiring
network since the delay and energy of interconnects dominate
the entire system performance [7].

For ASL, interconnects have been studied using a
lateral conventional spin valve with spin-transfer-torque
switching using copper, aluminum, and silicon as chan-
nel materials [8], [9]. It is shown that the energy of the
interconnect is significantly reduced by eliminating the
shunt path in ASL. Also, depending on the length of

the interconnect, the energy can be minimized by choosing
a metallic or semiconducting channel due to different spin
relaxation lengths [10], [11] and the electric field effect [12].
However, no matter what structure or material is used, spin
tunneling injection is still required to create spin polarization
in the nonmagnetic semiconducting channel or maintain the
reciprocity of the metallic interconnect. To avoid this charge-
to-spin conversion, it is intuitive to use ferromagnetic wires as
interconnects, where the spin information can be stored and
propagate directly. A magnetic domain wall (DW) is the tran-
sition region between magnetic domains in the ferromagnetic
material; therefore, it is of interest to explore the possibility
of DWs as interconnects for ASL.

Despite the fact that the DW can be moved over a sig-
nificant distance by an external magnetic field [2], in-plane
spin current [13]-[16], or out-of-plane spin current [17],
it requires an additional energy to create a magnetic field
or electrical current associated with a spin torque on the
interconnect. Recently, automotion of DWs has been demon-
strated [18], and it is shown that due to intrinsic transverse
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anisotropy, which is mainly due to demagnetization inside the
wire, the DW can travel a long distance with a high velocity
(~1 km/s) by simply transforming its shape. The concept
of spintronic interconnects using automotion of DWs has
been proposed in [19], and in general, the DW velocity in
a wire is less than that in a plane due to fewer degrees of
freedom for DW shape transformations. However, in terms of
energy, it has an obvious advantage over the existing proposed
interconnects [8], [9], where the charge current flowing
through the channel is always required to carry spin infor-
mation. Therefore, this paper aims at clarifying the potential
of DW automotion as interconnects for ASL.
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FIGURE 1. Schematics of ASL interconnects using automotion of
DWs and creation of DWs using ASL. The Cartesian coordinate
used for the calculations of interconnects is also defined.

In this paper, an interconnect for ASL using
DW automotion has been proposed and analyzed. The
structure is shown in Fig. 1, where the logic stages
are connected by a ferromagnetic interconnect which is
uniformly magnetized initially. The DW is created and prop-
agates automatically once the previous logic stage finishes
the computation. The energy for the interconnect is simply
that required for DW creation, which is exactly the same
as that used in logic computation in the previous device
stage; therefore, this configuration is particularly interesting
compared with those based on spin-transfer-torque switching
since there is no extra power consumption for data trans-
mission in the interconnect as illustrated in Fig. 2. Note
that a leakage current path through the interconnect exists,
and the resulting spin-transfer torque may either improve or
degrade the DW transport depending on the functionality
of ASL. However, this leakage current is typically negli-
gible because of the relatively high resistance of the very
thin (~2 nm) ferromagnetic interconnect compared with
nonmagnetic metallic wires in ASL. For simplicity, in this
paper, a single inverter or buffer is used for the device stage,
which in general can be a more complex function such as a
majority gate [20], [21].

The rest of this paper is organized as follows. In Section II,
the general formalism including the circuit representation for
ASL, the 1-D Landau-Lifshitz—Gilbert (LLG) equation for
DW creation, reflection, and disappearance, and analytical
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FIGURE 2. Schematics illustrating the difference between
interconnects based on spin-transfer-torque switching and
automotion of DWs. The ferromagnetic metals are represented
by blue rectangles with black arrows. The red arrows represent
the direction of electrical current.

equations of motion for DW transport are presented.
More details can be found in the supplementary materials.
In Section III, using this hybrid numerical model, the inter-
connects for ASL using DW automotion are analyzed and
discussed. Section IV concludes this paper.
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FIGURE 3. Numerical procedure for modeling DW interconnects
for ASL.

Il. MATHEMATICAL MODELS

To analyze the proposed interconnect scheme shown
in Fig. 1, it is necessary to appropriately describe the oper-
ation of ASL, DW creation, reflection, and disappearance at
the edges, and DW displacement in the channel. Fig. 3 shows
the numerical procedure for modeling the DW interconnect
for ASL. Since, at each time step, spin currents for creat-
ing the DW depend on the ASL/interconnect interface resis-
tance, which is determined by the magnetization of the wire,
simultaneously solving the ASL equivalent circuit and the
1-D LLG equation is required to model the creation of
the DW. Once the DW is created at the beginning of the
interconnect, it can be well described by two important
parameters in the Walker’s trial form [2] as we will show later,
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the displacement (x ) and phase (¢) of the DW. The analytical
expression for DW transport is used to estimate how far
the DW can move automatically in the channel. Finally, as
the DW approaches the end of the wire, the magnetization
distribution of the interconnect is plugged back into the
1-D LLG equation to see whether the DW is either reflected or
destroyed. Note that analytical DW transport equations only
work in the absence of random noise fluctuations. Hence,
when discussing the thermal noise effects on DW dynamics,
the LLG equation is required to be solved throughout the
interconnect.

In this section, the mathematical formalism of the ASL,
1-D LLG equation, and DW transport models are presented,
and the comparison in DW transport between the analytical
expressions and numerical simulations can be found in the
supplementary materials.

A. ALL-SPIN LOGIC

The ASL structure is shown in the device part of Fig. 1.
In ASL, the spin-polarized electrons, injected by local charge
currents, diffuse through the channel and insert a spin torque
onto the ferromagnetic interconnect. If the torque is strong
enough, the magnetization in the region where spin cur-
rent is present will be reversed, and the DW is created.
To model the operation of ASL, the circuit representations
of spin transport in the nonmagnetic channel [1] and ferro-
magnet/normal metal interface [22] are used, and the equiv-
alent circuit of ASL with the interconnect on which spin
currents are applied is shown in Fig. 4. The corresponding
circuit conduction matrix G is obtained by applying the nodal
analysis on the circuit (see the supplementary materials) and
defined as

(vi=G Y1} )

[1.000]

[ : Non-magnetic Metal BB : Ferromagnetic metal/ normal metal interface
B : Metal Contact

FIGURE 4. Circuit representation of ASL connected by
ferromagnetic wires for modeling DW creation. The red,
blue, and light yellow bars represent the conductance of
the contact, ferromagnetic metal/normal metal interface,
and nonmagnetic transport channel, respectively.
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where {V} and {I} are the voltage and current vectors
representing charge and spin components at each node,
respectively. The current vector has only one nonzero com-
ponent representing the source of charge currents. Note that
parallel interface conduction matrices are used to describe
multiple domains in the ferromagnetic interconnect, where
the exchange effect is accounted for by the 1-D LLG equation.
The magnitude of spin currents at the end of ASL is also
affected by the magnetization profile of the wire; therefore,
at each time step, once the magnetization of the wire is
updated, the corresponding voltage vector at each node can
be calculated from (1), and the spin currents responsible for
creating the DW are also known using the following:

lj=G(Vi=V) @

where Ij; is the 4 x 1 current vector flowing from the node i
to the node j; therefore, the current density used in the
1-D LLG equation for DW creation is given as

N
=— [Z Ii,-(rﬁ'm} 3)
" Lk=1

with Aj, being the cross-sectional area at the ASL/wire
interface and k is the index for each domain. Note that
Jg changes with time during the DW creation because of the
magnetization reversal in the beginning of the channel.

B. 1-D LANDAU-LIFSHITZ-GILBERT EQUATION
The magnetization dynamics of the wire is governed by the
LLG equation. Since here the structure we are interested
in is a wire, where typically the width and thickness are
much smaller than the length, the magnetization in the cross-
sectional area is assumed to be uniform; therefore, instead of
3-D micromagnetic simulations [19], the 1-D LLG equation
is used to capture the essential physics of DWs in a ferromag-
netic interconnect [3].

The 1-D LLG equation under the effects of an external
magnetic field and spin-torques from in-plane and
out-of-plane spin currents is given as

om (7 x H—» " - om
— == m ) +o|lmx —
ot Yo e ot
.. am
—yajmx (mxp)l—uy | —
90z

. 0m

4 Buy <m « —> 4)
9z

where y is the gyromagnetic coefficient, « is the Gilbert
damping coefficient, po is the free space permeability,
m represents the unit vector of the magnetization of each
domain, and Heff is the effective magnetic field including
the uniaxial anisotropy field H,, demagnetization field Hy,
exchange interaction, Aexternal magnetic field Hex, and
thermal random field Hy,, defined as

24 9%m

Hegr = H, + H,
eff +d+M32

+ Hex + H, &)
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where M; is the saturation magnetization, A is the exchange
constant, and H,,, Hy, Hex, and Hy, are given as

- 2K, . 2K, y . 2Ky, .
H, = ~mek + = myy + = m,Z (6)
! oM ! oM Y oM ‘
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where kp is the Boltzmann constant, 7 is the temperature,
Vp is the volume of each domain, and W is the Weiner
process. The thermal random fields are assumed to be
isotropic, spatially and temporally uncorrelated, and satisfy
the following relations [23]:

(Hi(zi, 1)) =0 (10)
(Hip oz ) His p i 1)) = —2RBL 5 s )8(t — 1)
Z" Z" = ———— Z' _— Z- —_
th,a\<i th,b\<j ,U«%J/MsVD ab i '
(11)

with (-) denoting the ensemble average, and a, b being indices
labeling Cartesian components. Note that the demagnetiza-
tion field at each time step has spatial dependence and is
calculated using the entire magnetization profile along the
wire with the demagnetization tensor including magnetostatic
interactions between magnetic domains [24], [25]. In (4),
ay is the coefficient for the Slonczewski torque defined as
ay = 15 out-of-plane (12)
2etM
where Jg out-of-plane 1S the magnitude of the out-of-plane spin
current density, ¢ is the thickness of the wire, and e is the
elementary charge. Note that the field-like torque is incorpo-
rated into the imaginary part of the mixing conductance in
the interface conductance matrix, which is negligible at the
normal metal/ferromagnet interface [22]. For the torques due
to in-plane spin currents, vy and Bu; represent the strengths
of the adiabatic and nonadiabatic processes, respectively,
where B is typically in the range between 0.01 and 0.1 for
different types of the DW [26], and u; is given as

_ MB]s,in—plane
eM

where pp is the Bohr magneton and Jj in_plane is the magni-
tude of in-plane spin current density. In this paper, a perfect
ferromagnetic strip with no specific pinning site is assumed.
In practice, extrinsic pinning may exist along the interconnect
due to local defects or line-edge roughness that may impair

uy = (13)
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the DW automotion. However, these extrinsic factors could
be significantly reduced or even completely eliminated as the
technology advances; thus, this paper is aimed at the intrinsic
properties of an ASL interconnect using DW automotion.
The numerical procedure of solving (4) is provided in the
supplementary materials.
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FIGURE 5. Comparison between the DW created by ASL/1-D
LLG in a 600-nm interconnect and Walker’s trial solutions [2].
Walker’s trial parameters: ¢ = 1.32 rad and x = 50 nm.

C. DOMAIN WALL TRANSPORT
Fig. 5 shows that Walker’s trial form [2] can fit the
DW created by ASL quite well in the absence of thermal
fluctuations; therefore, instead of solving the 1-D LLG equa-
tion for the entire wire, the analytical expressions based on
Walker’s trial solutions are used to capture the DW transport
in the interconnect. The standard approach [2]-[4] is followed
to derive the analytical expressions for DW transport, and
the detailed derivation can be found in the supplementary
materials. Note that the derived expressions here include not
only transverse anisotropy (automotion) but also an external
magnetic field and in-plane and out-of-plane spin currents to
be consistent with (4).

The equations of motion for DW transport in the channel
are given as

ax —yYA(Ky — Ky)sin2¢
1+a%)-—= = > 1
(I1+a )ar oM. + A +aB)us
A AauoH,
+ Y Apay + Y A Lolex (14)
0 0
0¢p  ay(K, —Ky)sin2¢ (8 —a)Q
1+ahH)— =
I+a )m M. + AW
—ypaay + v poHex (15)

where Q is the topological charge distinguishing the type of
the DW (+1: head-to-head and —1: tail-to-tail), Hex is the
magnitude of an applied magnetic field in the z-direction, p is
either 1 or —1, representing z or —z spin polarization, respec-
tively, A is the DW thickness, and K; includes uniaxial and
shape anisotropy with the form given as (1/2)uoM. SzNi —Ky.i.
An important assumption here is that the demagnetiza-
tion tensor N; is independent of the space and determined
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only by the geometry [27]; therefore, the approximate
demagnetization field H'; is simply given as

-

H'y = —My(Nxm X + Nymyj} + szzz)- (16)

The justification of using (16) in the equations of motion
for DW transport is provided in the supplementary materials.
In the following section, these analytical equations are used
to study DW transport along the interconnect after the DW is
created.

lll. RESULTS AND DISCUSSION

In this section, the comprehensive numerical model we
mentioned above will be used to study ASL interconnects
based on the automotion of the DW. First, we focus on how
to avoid DW reflection at the end of the interconnect, which
is an undesired feature in transmitting information. Next,
the delay and energy of DW automotion interconnects in
the ASL configuration are quantified. The performance of
DW automotion interconnects can be optimized by adjusting
the strength of transverse anisotropy and Gilbert damping
coefficient. Finally, the effects of thermal noise on intercon-
nect reliability are discussed. Note that all the interconnects
simulated in this section are initially in-plane magnetized
since a higher wall velocity can be obtained from in-plane
DWs [19]. A perpendicularly magnetized wire is interest-
ing as well since ASL using perpendicular magnetization
anisotropy (PMA) magnets potentially has higher thermal
stability and lower switching current [28]. However, the
design aspects discussed in this section for an in-plane wire is
general and thus also adaptable to the PMA one. The perfor-
mance comparison between in-plane and PMA interconnects
is beyond the scope of this paper and left as future work.

A. DOMAIN WALLS AT BOUNDARIES

After the DW is created by ASL, it moves toward the end of
the interconnect automatically due to transverse anisotropy.
For the purposes of the interconnect, the magnetization of
the wire has to be completely reversed when the DW reaches
the end, which is possible if the DW is destroyed as it is
close to the boundary; however, in some cases, instead of
being destroyed at the edge, the DW is reflected and the
magnetization of the wire is recovered as the DW moves
backward. This is an undesired feature for the use of the
interconnect since the transmitting signal is coming back;
therefore, it is of interest to understand the DW reflection
so that a proper structure can be designed to make the
DW disappear at the end of the interconnect.

Fig. 6 shows the time evolution of the magnetization at
the end of the interconnect for the cases that the DW is
reflected and destroyed. For the reflection, the DW with an
opposite phase, which is responsible for a negative velocity,
is recreated at the end of the channel as the DW reaches the
boundary. On the other hand, if there is no enough energy
for the DW to reform, through the damping mechanism, the
DW will gradually disappear at the end of the channel.
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FIGURE 6. Time evolution of the magnetization at the end of
the interconnect for (a) DW reflection (¢« = 0.01) and (b) DW
disappearance (¢ = 0.1). The DW is located near the boundary
initially and moves toward the edge due to automotion.

Fig. 7(a) shows that the DW energy is a key parameter
to determine the transient behavior of the DW at the end of
the interconnect. In Fig. 7(a), a DW with a given phase is
initially located near the boundary and it moves toward the
end automatically due to transverse anisotropy. It is found
that with a higher damping coefficient, the DW tends to
disappear at the end since most of energy is dissipated during
the transport. Also, with a constant damping coefficient, the
DW in a lower energy configuration [see Fig. 7(b)] prefers to
disappear at the end. However, the control of the DW phase
reaching the end is difficult since it depends on both injected
spin currents from ASL and DW transport in the channel;
hence, high damping materials [29] incorporated at the end
of the interconnect as shown in Fig. 1 are recommended to
prevent DWs from being reflected.

B. DELAY, ENERGY, AND MATERIAL TARGETS

After knowing that the DW will disappear at the end using
high damping materials, the delay of the interconnect can be
defined as

DELAY = 7, + 1 (17)

where 7. is the time for ASL creating the DW in the inter-
connect, and 7, is the time for the DW traveling to the end of
the channel. The energy of the entire structure is given as

ENERGY = V1, (18)
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FIGURE 7. (a) Effects of phase and Gilbert damping coefficient
at the end of the interconnect on the DW reflection and
disappearance. Red lines show that the DW is reflected, and
blue lines show that the DW is destroyed at the end. The
interconnect length is 400 nm and the DW is located initially at
z = 360 nm. The Gilbert damping coefficient changes from

0.01 to 0.1 for z = 360—400 nm, and is set to be 0.01 for the rest
of the wire. Note that if ¢ is exactly = /2 or 0, the DWs have

zero speed. (b) Schematics for illustrating high- and low-energy
DW configurations in the in-plane ferromagnetic interconnect.
The green arrow represents the direction of uniaxial anisotropy.
The red region is where the damping coefficient is changed

in Fig. 7(a)-

where I, is the charge current supply on ASL, V is the
voltage on the transmitting magnet of ASL, and 7, is the pulse
duration of the current supply. Note that the current source
can be turned off once the DW is formed in the interconnect;
thus, for the lowest energy operation, 7, would be equal to 7,
which will vary due to different current sources; however, for
simplicity, here the pulse duration is set to be 1 ns in all the
simulations. The simulation parameters are summarized in
the supplementary materials.

Fig. 8 shows that the energies needed for different intercon-
nect lengths are the same. This is because the required energy
for the interconnect is simply to create the DW, instead of
driving the DW. Due to shape anisotropy, the DW is able to
move automatically along the interconnect without consum-
ing any energy. Note that the delay does not linearly increase
with the interconnect length since due to the damping process,
the DW velocity becomes lower as the DW travels through the
wire. Therefore, if the interconnect is too long for a DW to
reach the end, the delay becomes infinite.
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FIGURE 8. Delay and energy versus the interconnect length.
The current source for ASL is 0.5 mA. For the ferromagnetic
interconnect, the saturation magnetization is 1 x 10% A/m and
damping coefficient is 0.01. The infinite delay represents no
DW reaching the end of the interconnect.
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FIGURE 9. Delay and energy versus the magnitude of the
ASL current supply for (a) 100-and (b) 400-nm interconnects.
The parameters for the interconnects are the same as those
shown in Fig. 8.

The current source in ASL plays an important role in
determining the interconnect performance. Fig. 9(a) shows
that with different magnitudes of the current supply, the delay
changes in an oscillating fashion. This can be explained by the
fact that the initial phase of the DW depends on the injected
spin current in a similar fashion, which is also observed in
3-D micromagnetic simulations [19]. Since the DW velocity
has the sinusoidal dependence on the phase, a higher velocity
is not necessarily obtained from a stronger current.
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FIGURE 10. Effects of (a) Gilbert damping coefficient
(Ic = 0.5 mA) and (b) saturation magnetization on the delay
(the interconnect length is 100 nm).

Therefore, even though the time for DW creation increases
as the current magnitude is reduced, there is no guaran-
tee for obtaining a shorter delay using a stronger current.
Furthermore, in Fig. 9(a), we can see that when the current
is low enough, the delay becomes infinite since within the
current pulse, the spin torque from ASL is not strong enough
to create the DW that moves properly. Thus, there exists a
minimum energy for operating the interconnect. However,
in Fig. 9(b), in the case of longer interconnects, the delay
also becomes infinite as the current increases. This is because
the initial DW phase created by ASL fails to provide enough
velocity that drives the DW to the end of the interconnect.
In such a case, the DW stops in the middle of the interconnect
and the delay becomes infinite. As a result, choosing a proper
biasing current working for different interconnect lengths
is critically important for interconnects using automotion
of DWs.

To mitigate the DW-stopping issue in longer interconnects,
as shown in Fig. 10(a), a ferromagnetic material with a lower
Gilbert damping coefficient [30], [31] is suggested since in
such a case, the DW can preserve its velocity longer and travel
over areasonable distance for the use of interconnects. On the
other hand, in Fig. 10(b), the energy of the interconnect can
be further reduced by using a material with a lower saturation
magnetization since the DW can be created with the lower
current. However, the delay does not necessarily increase
with saturation magnetization since both DW creation time
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FIGURE 11. Thermal noise effects (T = 300 K) on the

DW displacement using automotion with different damping
coefficients (a) « = 0.01 and (b) « = 0.001. The interconnect
length is 400 nm with saturation magnetization being equal
to 1 x 108 A/m (Ic =1 mA).

and initial DW velocity depend on the magnitude of the spin
torque. Furthermore, saturation magnetization also affects
how DW velocity changes in the channel. Therefore, instead
of saturation magnetization, reducing damping mechanisms
in the interconnect will be a more efficient way to improve
the displacement. Moreover, the energy performance can be
further improved by using a metallic channel in ASL with
a longer spin relaxation length, e.g., a channel with smaller
grain boundary reflectivity and larger surface specularity,
since the minimum charge current in ASL required to create
a DW can be reduced.

C. THERMAL FLUCTUATIONS

At room temperature, thermal fluctuations on magnetization
dynamics inside the interconnect is inevitable; therefore, it
is of interest to study how DW automotion is influenced by
the thermal noise. Fig. 11(a) shows that the DW automotion
is strongly dependent on the thermal noise. This is mainly
because the fluctuating DW phase due to the noise changes
the velocity as the DW travels through the interconnect; thus,
the trajectory of the DW displacement in time can largely
deviate from that without the noise. This large deviation can
significantly impair the reliability of the interconnect since
the DW can reach the end of the wire with quite differ-
ent delays. The similar constraint can also be observed in
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interconnects based on spin-transfer-torque switching [8], [9],
where the delay distribution becomes wider as the inter-
connect length increases or the applied voltage is reduced.
As a result, to reduce the noise effect on DW automotion, an
interconnect with low Gilbert damping is recommended since
the magnitude of the thermal field can be reduced, and the
deviation from the noiseless situation is largely suppressed
using a low damping channel as shown in Fig. 11(b).

IV. CONCLUSION

In this paper, interconnects for ASL using automotion of DWs
are proposed to make ASL circuits more energy-efficient,
and are analyzed using a hybrid physical solver including
ASL equivalent circuits, 1-D LLG equation, and equations
of motion for DW transport. Through the model, the reflec-
tion of the DW is eliminated by adding a layer with a high
damping coefficient at the end of the ferromagnetic inter-
connect. The energy and delay are also studied. It is found
that the delay of the interconnect using DW automotion can
be independent of the length; furthermore, the interconnect
performance can be improved by reducing both saturation
magnetization and damping coefficient along the channel,
and the reliability can also be enhanced by a low damping
channel.
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