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Magnetic skyrmion diode: Unidirectional skyrmion motion via symmetry
breaking of potential energy barriers
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We realize a magnetic skyrmion diode operated by a unidirectional skyrmion transport that flows in only
one direction, which is highly significant for information processing in spintronic and nanoelectronic devices.
We easily control the skyrmion transport by engineering asymmetric shapes of geometric structures. Here, we
present a simple method to describe the underlying mechanism behind the unidirectional skyrmion transport by
characterizing the topography of potential energy surfaces from a purely geometric perspective. Our approach
enables a deeper physical insight into skyrmion transport manipulation and efficient design of skyrmion-based

devices in geometric structures.

Electrical diodes, operated by a unidirectional current flux,
are elementary building blocks of contemporary computation,
communications, and sensing [1,2], which have facilitated
dramatic innovations in fundamental science and applied tech-
nology in various aspects of our daily lives. Inspired by
the unidirectional effect of electrical diodes, significant in-
terest has been devoted to the study of the unidirectional
propagation of transport phenomena in a range of physical
branches, such as microfluidics [3—-6], heat-transfer dynam-
ics [7,8], acoustics [9—12], photonics [13,14], and magnetism
[15-18]. Analogous unidirectional transport is also suitable
for application to magnetic skyrmions, which are regarded
as promising information carriers due to their particlelike
nature with topological stability, high mobility, and small size
[19-29]. Indeed, it has been well established that skyrmions
can be stable carriers of topological charge (Q) as they are
topologically protected by the quantization of their topologi-
cal charge [30,31] in the nonlinear o model [32] in the form
of chiral spin textures with the Dzyaloshinskii-Moriya inter-
action (DMI) [33,34].

Due to this topological charge, skyrmions have unique
dynamical properties referred to as the skyrmion Hall effect,
analogous to the Magnus and ordinary Hall effects, which
causes the skyrmions to acquire transverse velocity com-
ponents to an external driving force [35,36]. Hence, within
boundaries of a confined structure, the transport of skyrmions
flows selectively on one side; if the direction of the external
driving force is inverted, it flows on the other side. The mobil-
ity of the skyrmion transport is crucially affected by pinning
sites such as geometric defects or constrictions that hinder the
movement of skyrmions [37-40].
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Considering the skyrmion Hall effect and the pinning ef-
fect, we found a unidirectional skyrmion transport in which
the skyrmion flows asymmetrically on two sides of a nanos-
trip edge such that the transport on one side is trapped by a
pinning site but escapes from the pinning site on the other
side. This was achieved by asymmetrically distributing pin-
ning sites between the two sides such that one side possesses
a pinning site but the opposite side does not. In this model,
we numerically demonstrated a skyrmion diode that allows
skyrmion transport from one end (input) to the other (output)
but inhibits transport in the opposite direction of the driving
force. However, there are counterintuitive phenomena in this
unidirectional skyrmion transport; i.e., skyrmion transport is
permitted on the side with a pinning site but prohibited on
the side without a pinning site. Moreover, it is too costly
and tedious to evaluate the criterion for the pinning-depinning
of skyrmion transport by solving the skyrmion equation of
motion, known as Thiele’s equation [41], because it requires
the state data of the nonlinear skyrmion dynamics for every
time step.

In this work, we unambiguously reveal the underlying
mechanism behind unidirectional skyrmion transport and its
counterintuitive pinning phenomena, based on a simple de-
scription through characterizing the topography of potential
energy (PE) surfaces from a purely geometric perspective.
Our approach allows us to theoretically find the criterion for
the pinning-depinning of skyrmion transport and efficiently
design a skyrmion diode that can be applied to a wide variety
of systems.

We perform micromagnetic numerical simulations [42] to
display the impacts of pinning sites in forming an energy
barrier to block skyrmion transport and its unidirectional ef-
fect. To insert a pinning site asymmetrically on two sides of
a nanostrip edge, a round-shaped pinning site is patterned
on the top side (see Fig. 1), whereas the bottom side is
not patterned. A periodic boundary condition along the


https://orcid.org/0000-0001-5082-6685
https://orcid.org/0000-0002-7955-8079
https://orcid.org/0000-0003-4400-8971
https://orcid.org/0000-0002-4780-6461
https://orcid.org/0000-0002-8763-9258
https://orcid.org/0000-0002-4812-6302
https://orcid.org/0000-0001-5931-3376
https://orcid.org/0000-0002-7346-8152
https://orcid.org/0000-0002-2063-8007
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.104.L060408&domain=pdf&date_stamp=2021-08-23

W,on (1020 7)

con

0 2

FIG. 1. Schematic illustration of the model system. (a) Geometry
of the model, surface of the confining PE, and 2D pseudocolor
plot of the confining PE. The arrows indicate the magnetization
configuration of the single skyrmion, and its colors represent the
out-of-plane component (red denotes up, blue denotes down) of the
magnetization. In the pseudocolor plot, the black indicates the area
where the skyrmion is not allowed to stably exist. The trajectories of
the skyrmion motion are calculated from micromagnetic simulations
under the current density J. =5 MA /cm? for the direction of (b)
forward and (c) reverse, respectively.

longitudinal direction of the nanostrip is implemented to con-
sider the effect of the asymmetric edge boundary on the
two sides of finite width. Nanostrip dimensions of a cross-
sectional area of 60 x 0.6 nm? and a pinning site depth of
20 nm are selected. In this nanostrip, a Néel-type magnetic
skyrmion is initially located at Ry = (xo, yo) = (£274, 0) nm
on either the left or right side relative to the pinning-site
center. We can generate a skyrmion at Ry as proposed in
various ways [51-54]. The skyrmion is driven to move to-
ward the pinning site by applying in-plane dc currents in
opposite (£x) directions. For simplification, we assume that
the current density J. is spatially homogeneously distributed
throughout the nanostrip. Under application of the in-plane
current J. with various values of the damping constant « and
nonadiabaticity B, the skyrmion is transported toward one of
the two sides of the nanostrip edge by the Hall-like behavior
of skyrmion motion. As the skyrmion approaches the nanos-
trip edge, the PE increases to repel the skyrmion from the
boundary, serving as a confining potential. This confining PE
is the total magnetic energy represented in the x-y plane of the
skyrmion’s center position R = (x, y), which mainly results
from locally tilted magnetizations near the edge boundary
[26,50,55-57]. Figure 1(a) shows the spatial distribution of
the confining PE, W.,,(R), in both pseudocolor plane and
surface form. The skyrmion is annihilated within a certain
distance from the boundary [57,58], depicted by the black
area in the pseudocolor plane. The energy surface of W0, (R)
exhibits a locally formed energy ridge under the influence
of the geometry of the pinning site. The skyrmion travels in
this confining PE W,,,(R), and its current-driven trajectories
for time-varying displacement R(¢) = [x(¢), y(¢)] are shown
in Figs. 1(b) and 1(c). The observed dynamic behaviors are

distinct regarding the direction of electron flow: the skyrmion
driven in the forward direction by the —x-directional current
with density J. = +5 MA/cm? [positive and negative signs
of J. denote the electron flowing in the forward (4x) and
backward (—x) directions, respectively] passes through the
pinning site, whereas the skyrmion driven by the current in the
opposite (reverse) direction with J, = —5 MA/cm? is pinned
at the pinning site. In our model, the energy ridge of W,
plays the important role of an energy barrier separating the
two distinct dynamic states (on/off states) of the skyrmion
transport.

To theoretically elucidate and explain the concept of our
model, we introduce the ansatz [41] for translational motion
of a skyrmion m = m[r — R(#)], where m is the unit vector
of magnetization m(r) = M(r)/M, with saturation magneti-
zation M,, which parametrizes its center of mass R in the
x-y plane instead of r. For steady-state motion R(¢) = vz, the
velocity can be obtained from Thiele’s equation [41,59,60],
expressing the balance of gyrotropic, dissipative, confining,
and spin-transfer forces:

G x R+ DR + Fy,(R) + Fsrr(R) = 0, (1

where the gyrocoupling vector G = GZ is proportional to the
skyrmion number Q = (1/4r) fdxdym - (3,m x dym) = 1,
such as G = wo(4wr Q)M,d/y with film thickness d; D is the
dissipative tensor [61]; Feon = —VRW,on is the confining force
from the boundary edge; and Fgsrr is the spin-transfer torque
(STT) force. For a continuous and irrotational STT field oc-
cupied in a simply connected region, we can hypothetically
assign an effective PE for the STT on the R-space, although
it is not derived from an actual magnetic energy density.
Here, the STT-PE (Wsrr) is given by Wsrr = f Fsrr - dR with
the gradients —d,Wstr = D. Bu and —0,Wsrr = Gu [61-63],
where u = J.upP/eM; is the effective spin-current drift veloc-
ity [57], up is the Bohr magneton, e is the electronic charge,
and P is the degree of spin polarization [46—48]. This Wsrr
is an additional energy to ascend the energy ridge (energy
barrier), provided through its tilted energy plane.

By solving the equation of motion (1) for R, the trajectory
of a skyrmion can be obtained as the skyrmion displacement
R(z) = [x(¢), y(¢)] travels a sequential temporal evolution
of a kinematic state (x,y,x,y) from an initial state. The
temporal characteristics provide an exact solution for the tra-
jectory, but a lengthy time to find a criterion is redundant for
determining on/off states. However, the possible paths that
the skyrmion may take can be identified time-independently
through an equipotential line in a conservative system, in
which the STT-driven skyrmion moves along the equipo-
tential line Wioq = Weon + Wsrr = const from a given initial
energy state Wt (Ry, Je). Assuming DR ~ 0, this approach
is applicable to our model for the following reasons: (i) The
gyrotropic response of the skyrmion to a confining PE is
conservative. The adiabatic term of STT is also a conserva-
tive quantity for the adiabatic process of skyrmion motion.
(i) The nonadiabatic term of STT in this model is conser-
vative because the spatially homogeneous u makes the STT
pseudofield [—B(u - V)m/|y|] a scalar field that is curl-free
and simply connected [64,65]. If the divergent magnetization
configuration of the Néel skyrmion causes the curl of the



pseudofield to be nullified, a spatially inhomogeneous u could
also cause the nonadiabatic term acting on a Néel skyrmion to
be conservative.

Based on this approach using equipotential lines, the com-
parison between W, (Ry, Jo) and a critical energy value W},
can significantly simplify the determination of on/off states at
the pinning site. The critical energy value W}, can be easily
obtained if we consider the topography of two PEs: the local
region of W0, (R) near the pinning site is a saddle surface with
anegative Gaussian curvature (see Fig. S1 of the supplemental
material), whereas the other region of W,,(R) is a convex
energy surface with a positive curvature; the energy plane
Wstr(R) has zero curvature everywhere on the R-space. Here,
the critical energy value W} corresponds to a saddle point
located on the energy ridge. In general, the saddle point can
be found by evaluation of the eigenvalues and correspond-
ing eigenvectors of the Jacobian and Hessian [66-68]. For
example, if the eigenvalue of the Jacobian is zero and the
Hessian is indefinite at a given point, then that point is a saddle
point. However, the Jacobian and Hessian for numerically
obtained W, (R) are sometimes a defective matrix and not
diagonalizable. In this situation, the critical energy value W5,
must be treated in a lower-dimensional subspace or manifold
[69], which is offered by the condition specified as

W, = arg min Wi (R) @)
yeY

subject to {y|0xWs = 0, Bthot < 0}. Herein, the condition
describes the total PE at a certain point R* = (x*, y*) that
simultaneously satisfies both a peak of the energy ridge in
the subspace that the x-components of W, are mapped into
and a local minimum in the subspace (y) of the y-component
of Wo. Consequently, the critical energy value W%, shown in
Fig. 2 (red dashed lines) is expressed as a function of J, inde-
pendently of R: W% (J.) = Wit (R*(Je), Je). The skyrmion at
Ry = (274,0) nm and J. = + 30 MA/cm? has the off state
Wit (Ro, Je) < Wi (Je) in Fig. 2(a), indicating that the initial
energy does not exceed the energy barrier. The skyrmion
at Rg = (-274,0) nm and J, = 450 MA/(:m2 can likewise
be interpreted as the on state due to Wio(Ro, Jo) > Wi (Je),
indicating that the initial energy overcomes the energy bar-
rier. In contrast, the initial energy Wi (Ry, Jo) with Ry =
(4+274,0) nm in the reverse direction is not sufficient to
overcome the energy barrier W% (J.) in the range —116 <
J. (MA/cm?) < 0, and thus the off state is maintained. As
a result, skyrmions driven in different directions experience
significantly different on/off transmission at the pinning site.
Next, to better understand the origin of the asymmetric
transmission, we investigate the symmetry of PEs in the for-
ward (J. > 0) and reverse (J. < 0) directions. Figure 3 shows
a large difference in the critical energy value (indicated by
red horizontal dotted lines) of total PE between the forward
and reverse directions, as clearly seen in the bottom panel of
Fig. 3. To describe the symmetry of the total PE, we decom-
pose it into the sum of the J.-dependent part Wsrr(R, J.) and
the J.-independent part W, (R) [70], as shown in the middle
and top panels of Fig. 3, respectively. Here, the J.-dependent
STT-PE Wsrpr is oddly symmetric with respect to both in-
versions of J. — —J. and R — —R. However, the location
of critical points R* is not oddly symmetric with respect to
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FIG. 2. Schematic view (x-W plane) of the total PE surface for
the given current densities (430, +50, and —5 MA /cm?) as noted.
The colors are made to be somewhat transparent to reveal that the
energy surfaces are tilted. The small circles (green) indicate the ini-
tial state [Ro, Wio(Ro)]. The dashed lines indicate equipotential lines
corresponding to the initial energy (black) and the critical energy

value W, (red), respectively.

the inversion of J. — —J., as indicated by red vertical dotted
lines in Fig. 3. This discrepancy in symmetry between Wsrr
and R* induces significant difference between forward and re-
verse directions; the results summarized in the middle panels
of Fig. 3 clearly show that Wgrr at R* increases in the forward
direction and decreases in the reverse direction, as indicated
by the blue arrows. For a control experiment, we examine the
symmetric case to be R* — —R* with respect to the inversion
of J. - —J., i.e., the pinning sites are patterned on both top
and bottom sides. In this case, we confirm that Wgpr at R*
identically decreases in the forward and reverse directions, as
shown in Fig. S2 [71]. In summary, the asymmetrical distribu-
tion of the pinning site on two sides breaks the symmetry of
Wstr at R* in transverse directions (along the y-axis), which
results in the asymmetric transmission of longitudinal motions
in the forward and reverse directions (along the x-axis).

To distinguish the characteristic dynamics for on/off trans-
mission, we estimate the average skyrmion velocity as v =
[x(T) —x(0)]/T, where T is the elapsed time when the ini-
tial skyrmion arrives at a destination on the opposite side
x(T) = —x(0). Therefore, the average velocity in the off state
is » = 0 due to the infinite time T — oo it takes to arrive
at the destination, whereas the average velocity in the on
state shows a nonzero value as a function of J.. Figure 4(a)
shows the results of the numerical simulations in which v
varies asymmetrically as a function of J,, similarly to the -V
characteristic curve of an electrical diode. We now define the
threshold current density Jy, as the minimum current density
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FIG. 3. Profiles of W,o,, Wsrr, and Weo, + Wsrr on the selected
x-positions for xy (black solid line), x* (red solid line), and —xo
(orange solid line), respectively, as marked in the first row, for
the forward and reverse directions with the given current density
J. =5 MA/cm?. The small circles (green) indicate the initial states
for each case. The red dotted lines indicate the critical state com-
posed of y* (vertical) and W’ (horizontal). The horizontal black
dotted line indicates the initial energy level of total PE, W, (Ry).
If W3 > Wi (Rp), the gap between W, and W,(Ry) is indicated
by filling in gray, which means that the skyrmion is forbidden to
overcome the energy barrier (W,5) from the initial state [Wo (Ro)].
If Wi < Wiet(Ry), the possible equipotential path to overcome the
energy barrier is indicated by the blue arrows.
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FIG. 4. Diode characteristic curves for the asymmetry of on/off
transmission. (a) Average velocity v as a function of the current den-
sity Je, calculated from micromagnetic simulations. (b) Numerical
calculations of the analytical equations (solid lines) for the threshold
current density Jy, as a function of the initial x-position x,, compared
to micromagnetic simulations (open circles), for the forward (black)
and reverse (red) directions, as noted.

required for the skyrmion to pass through the pinning site. As
an analog of electrical diodes, it is noteworthy that skyrmions
driven in different directions require significantly different
Jin from the numerical results in Fig. 4(a): Jy, = 43.5£3.0
and —123.5 £ 7.50 MA/cm? for the forward and reverse di-
rections of skyrmion motion, respectively. In addition, we
propose that the initial position can be a system parameter
to modify the threshold current density. In the nondissipative
model (o = 0), the exact solution for the system parameter
variable Ry = (xp, 0) can be calculated from the given Jiy
that satisfies W, (Ro, Jin) = W, (Jm). The results of x( versus
Jin in the forward/reverse directions are plotted in Fig. 4(b),
which are in good agreement with the micromagnetic simula-
tion results (circle symbols) in the limit of small dissipation
coefficient «. The threshold current density of the simulations
is required to be slightly higher than that of the models, due
to energy dissipation from the damping parameter (¢ = 0.01)
of the simulations.

Finally, we discuss the comparison of the physical interpre-
tation of this result with those of other transport phenomena.
Information transport of conserved physical quantities in vari-
ous diode structures can be described in terms of linear models
relating fluxes and potentials, e.g., Ohm’s law for current flux-
potential, the Hagen-Poiseuille law or Darcy’s law for fluid
flux-pressure, or the Fourier law for heat flux-temperature. In
the case of skyrmion transport carrying the conserved quantity
0, the skyrmionic analogs of flux and potential are the trans-
port rate of the skyrmion number Q and PE W, respectively.
Likewise, the flux density is gv, with the volumetric density
of skyrmion number ¢ and the drift velocity of skyrmion
transport v. The linear model of skyrmionic flux-potential,
based on the steady-state Boltzmann transport theory for an
isolated single skyrmion ignoring inter-skyrmion interactions
and nonequilibrium diffusion, can be described in the form
of the Thiele equation G x v + Dv = pgv = —VW [41] with
resistivity tensor p for skyrmion transport. Here, the first
term (gyroforce) results in the Hall-like response (p, ) that
the skyrmion intrinsically exhibits transverse motion [35,36]
without rotational motion or external magnetic field. Hence,
the skyrmion transport is different from that of electrons and
fluids, the transverse motions of which extrinsically occur
under the conditions for the Lorentz force and the Magnus
force, respectively.

From this standpoint, we implement asymmetric on/off
transmissions in a diode structure employing magnetic
skyrmions as information carriers. The key element of the
skyrmion diode implementation is to seek geometric sym-
metry breaking by asymmetrically distributing the pinning
sites on the two sides of the nanostrip so that the symmetry
of mirror reflection is broken in the transverse direction (y-
axis) and obeyed in the longitudinal direction (x-axis) of the
driving current. Consequently, the transverse symmetry of the
location of the critical point (topographic saddle point) is bro-
ken in the PE barrier, which derives unidirectional motion in
the longitudinal directions. Here, the time-reversal symmetry
is not considered because the equation of skyrmion motion
is not inherently time-reversal-invariant, unlike the Maxwell
equations and Newton’s equations of motion. In our model,
we extend the effective PE for driving forces to various forms
such as spin-Hall torque [72-75], Rashba torque [74-76], and



voltage-controlled magnetic anisotropy [77,78], in addition to
the STT-PE employed here. Based on the equipotential line
with the effective driving PE and the topography of PE, our
approach can be used time-efficiently as a basis to design
skyrmion-based logic devices such as diode elements, transis-
tors, logic gates, and other cascaded devices for more complex
arithmetic operations.
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