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Supplementary Note 1. The influence of the parameters on the saturation

velocity v, of the skyrmion

In the main text, it is found that as the ratio m of PMA between the boundary and
middle on the nanotrack increases, m = K, / K,,, the maximum velocity v, of the
skyrmion tends to a saturation value when the driving current density j is constant.
Here, we discuss the influence of parameters form Table 1 on the saturation velocity
v, at different high-anisotropy boundary width wy, as shown in Fig. S1. With the
enlargement of exchange stiffness A or anisotropy constant K, the velocity v, goes
down, as expressed in Fig. S1(b) or Fig. S1(c). It is well known that the larger the two
material parameters are, the more difficult it is for the polarization current to flip the
magnetic moment, resulting in the decrease of the skyrmion velocity. However, the
velocity v, goes up when DMI constant D rises shown in Fig. S1(d). DMI leads
adjacent magnetic moments to align vertically, which is conducive to the deflection of
magnetic moments. Besides, the damping coefficient « is almost inversely
proportional to the velocity v,, while the polarizability rate P is basically proportional
to it, which all conform to Eq. (4) in the next paragraph. Interestingly, the velocity v
does not decrease with the increase of saturation magnetization M; as the equation
shows, but decreases first and then builds up. Because when M is large, the effect of

demagnetization energy cannot be ignored, resulting in the decrease of effective K.y,

1 . . .
K,=K _EMOM 2. Moreover, it can be seen that the velocity v, is independent of

high-anisotropy boundary width w;.
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Fig. S1 the saturation velocity v, of the skyrmion in the x-axis as functions of (a)
saturation magnetization M, (b) exchange stiffness 4, (c) anisotropy constant K, (d)
DMI constant D, (e) damping coefficient a and (f) polarizability rate P. The skyrmion
is drived by the driving current j of 2 MA/cm? on the nanotrack in scheme A. And
there is a trapezoid with the lower left corner ¢ of 45°, length / of 300 nm and width w

of 30 nm on the nanotrack with different high-anisotropy boundary width w, =10 nm.

When the skyrmion moves on a restricted nanotrack, the force /' generated by the
potential energy of the surrounding environment should be taken into account. For

CPP, Thiele equation is written as

L

1 \Vj r L1
Gxv+aD-v—-bR-j,, +f=0 (1)
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Here, the vector G can be identified as the gyrocoupling vector, CI? = (0,0,472Q). v is

the velocity of the skyrmion. The coefficient o is the Gilbert damping. And the

.t (D 0). o ro.r
matrix D= o D is the dissipative tensor, D:I 0.m-0 mdxdy. Where

hiPy

= ,with the simulation film thickness ¢ , the reduced Plank constant h,
2u.eM t,

the applied current density j, the spin polarization rate P and the elementary charge e,

L
the saturation magnetization M, y is the Landau-Lifshitz gyromagnetic ratio. R is the

in-plane rotation matrix, which is related to the configuration of the skyrmion. ~ For

t R 0 I I
the Neel skyrmion, R:(O Rj’ R:I(erga)-ﬁxnradxdy. And P is the spin

polarization direction, P=—e . j,, represents the direction of the current passing

through the heavy metal layer, which is along the +x axis in the simulation. In
addition, f has to do with the potential energy of the boundary on the nanotrack. Due

to the forward moving skyrmion is close to the upper boundary during the motion, we

mainly consider the repulsive force along the y axis from the upper boundary here,
f=- fyey .

The steady velocity formula of a ferromagnetic skyrmion can be obtained by

solving the Thiele equation, written as

aDbR + Gf.
Y G ra D 2
+a
= (2b)
+a

Suppose the repulsion force of the boundary is large enough to completely overcome

SKHE,
bR
= 3a
V=5 (3a)
v,=0. (3b)
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In the simulation for the saturation velocity v, of the skyrmion, we find that the
velocity along the y direction is very close to 0 when the motion of the skyrmion is
stable. It shows that SKHE is basically overcome by the high-anisotropy boundary,

and the saturation velocity v, can be written as
bR
v =

=D 4)
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Supplementary Note 2. The relationship between the driving current density and

one-way motion of skyrmion

In addition to the geometric parameters of the trapezoid region and the PMA K, at the
boundary (including the trapezoid part), the driving current density j also affects the
one-way motion of the skyrmion. Fig. S2 are phase diagrams for one-way motion of
the skyrmion with various ratio m, trapezoidal lower left corner ¢, trapezoid width w,
trapezoid length / and driving current density j. The m is the ratio of PMA between
the boundary (including the trapezoid part) and middle of the nanotrack in scheme A,
m = K, / K,,. Form Fig. S2(a), it is obvious that the higher the PMA in the high-
anisotropy region, the greater the driving current for the skyrmion-based diode to
work normally. Besides, the driving current density for one-way motion of the
skyrmion can be appropriately adjusted by the trapezoidal length /. However,
compared to the PMA in the high-anisotropy region and the trapezoidal length /, the
trapezoidal width w and lower left corner ¢ have little effects on the driving current
density, as shown in Fig. S2(b-c). Furthermore, when the driving current density is
high, the skyrmion in forward motion is annihilated near the upper boundary due to
SKHE. But the skyrmion in reverse motion enters the trapezoid region and then
annihilates near the lower boundary of the nanotrack. When the current density
continues to go up, the skyrmion in reverse motion annihilates directly and does not

enter the trapezoidal region.
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Fig. S2 Phase diagrams for one-way motion of the skyrmion with different (a) ratio m,
(b) trapezoidal lower left corner ¢, (c) trapezoid width w, (d) trapezoid length / and
driving current j. The m is the ratio of PMA between the boundary (including the
trapezoid part) and middle of the nanotrack. The skyrmion moves on the nanotrack
with the high-anisotropy boundary width w, of 10 nm in scheme A. For (a), w = 30
nm, / = 100 nm, ¢ =45° (tang = 1). In (b), w =30 nm, / = 100 nm, m = 1.1. For (¢), /
=100 nm, ¢ =45° (tanp = 1), m = 1.1. In (d), w = 30 nm, ¢ =45° (tanp = 1), m = 1.1.
The filled red triangle and the green circle stands for the failure and success of one-

way motion of the skyrmion, respectively.
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Supplementary Note 3. The robustness for one-way motion of the skyrmion over

the variation of the parameters

Fig. S3 shows the realization for one-way motion of the skyrmion at different
parameters. In the simulation, we randomly selected three groups of the trapezoidal
length / and width w from the green part of Fig. 4(d) in the main text. For w = 28 nm
and / = 200 nm, when the saturation magnetization M;, exchange stiffness A,
anisotropy constant K, DMI constant D and damping coefficient a vary by about
17.2%, 26.7%, 12.5%, 6.7%, 20% respectively, the one-way motion of the skyrmion
can still be realized. But when the increase of polarizability rate P is more than 12.5%,
the one-way motion of the skyrmion fails. Moreover, the calculation results of the
other two groups of trapezoidal length / and width w does not differ significantly.
Compared with other parameters, D is less robust for the results due to the influence
on the size and formation of the skyrmion. The skyrmion cannot exist stably with
small D (in this simulation, D < 2.5 mJ/m?), while it also obviously gets bigger as D
goes up, which is easy to be clogged by the high-anisotropy trapezoidal region. To
sum up, it can be seen from Fig. S3 that the one-way motion of the skyrmion have
certain robust on the variation of the parameters in Table 1, which proves that the

design has certain feasibility in experiments.
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Fig. S3 The implementation for one-way motion of the skyrmion with various (a)

saturation magnetization M, (b) exchange stiffness 4, (c) anisotropy constant K, (d)

DMI constant D, (e) damping coefficient a and (f) polarizability rate P. The skyrmion

is drived by the driving current j of 2 MA/cm? on the nanotrack in scheme A. In the

simulation, three groups of the trapezoidal length / and width w are calculated, which

are 30 nm and 100 nm, 28 nm and 200 nm, 24 nm and 250 nm, respectively. A

trapezoid with the lower left corner ¢ of 45° is located on the nanotrack, whose high-

anisotropy boundary width w, is 10 nm. And the ratio m of PMA between the

boundary (including the trapezoid part) and middle of the nanotrack is 1.1, m = K,/

K,,. The failure and success for one-way motion of the skyrmion is represented by the

filled red triangle and the green circle, respectively.

Page 9 of 11


file:///D:/Program%2520Files/Youdao/Dict/8.8.1.0/resultui/html/index.html%23/javascript:;

Supplementary Note 4. The effect of voltage-induced variation of DMI on the

motion of skyrmion.

Here, the effect of the applied voltage on the motion of the skyrmion is mainly
discussed. The ratio of PMA and DMI constant between the boundary (including the
trapezoid part) and middle of the nanotrack is represented by m and i respectively, m
=K, / K, i = Dy, / D,,. When the change of PMA is larger than that of DMI, the
skyrmion can move smoothly to the end of the nanotrack, as shown in Fig. S4(a). It
means the large-DMI boundary is not conducive to the suppression of SKHE on the
nanotrack. Recently, the experiment of Aik Jun Tan et al. demonstrated that a greater
reversible conversion of PMA can be obtained by H+ pumping with the small gate
voltage at room temperature, and the VCMA efficiency can be up to 5000 fJ/Vml!,
So we principally simulate the case where m is large in the research for the motion of
the skyrmion. It can be seen from the Fig. S4(b) that the large-DMI boundary can also
improve the maximum velocity v, of the skyrmion along the nanotrack, which is
weaker than the high-anisotropy boundary. Moreover, the velocity v, of the skyrmion
goes down obviously when it is close to the large-DMI boundary. As soon as the
skyrmion enters the large-DMI boundary, its spin configuration is quickly destroyed

and then disappears.
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Fig. S4 (a) Phase diagram for the motion of the skyrmion with different ratio m and i.

The m and i are the ratio of PMA and DMI constant between the boundary (including
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the trapezoid part) and middle of the nanotrack respectively, m = K, / K,,, i = Dy, / D,,.
And the filled red triangle indicates that the skyrmion fails to reach the end of the
nanotrack, while the filled green circle indicates the success of the situation. (b)
Relations between the maximum velocity v, and the ratio i relation at the various ratio
m. In the simulation, the skyrmion is driven by the driving current j of 2 MA/cm? on

the nanotrack with the high-anisotropy boundary width w, of 10 nm in scheme A.
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