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Multi-segmented nanowires for vortex magnetic domain wall
racetrack memory
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A vortex domain wall’s (VW) magnetic racetrack memory’s high performance depends on VW structural stability,
high speed, low power consumption and high storage density. In this study, these critical parameters were investigated in
magnetic multi-segmented nanowires using micromagnetic simulation. Thus, an offset magnetic nanowire with a junction at
the center was proposed for this purpose. This junction was implemented by shifting one portion of the magnetic nanowire
horizontally in the x-direction (/) and vertically (d) in the y-direction. The VW structure became stable by manipulating
magnetic properties, such as magnetic saturation (M) and magnetic anisotropy energy (Ky). In this case, increasing the
values of Mg > 800 kA/m keeps the VW structure stable during its dynamics and pinning and depinning in offset nanowires,
which contributes to maintenance of the storage memory’s lifetime for a longer period. It was also found that the VW moved
with a speed of 500 m/s, which is desirable for VW racetrack memory devices. Moreover, it was revealed that the VW
velocity could be controlled by adjusting the offset area dimensions (/ and d), which helps to drive the VW by using low
current densities and reducing the thermal-magnetic spin fluctuations. Further, the depinning current density of the VW
(Jq) over the offset area increases as d increases and / decreases. In addition, magnetic properties, such as the M and Ky,
can affect the depinning process of the VW through the offset area. For high storage density, magnetic nanowires (multi-
segmented) with four junctions were designed. In total, six states were found with high VW stability, which means three
bits per cell. Herein, we observed that the depinning current density (Jg) for moving the VW from one state to another was
highly influenced by the offset area geometry (/ and d) and the material’s magnetic properties, such as the M and K.

Keywords: micromagnetic simulation, vortex domain wall racetrack memory, multi-segmented magnetic

nanowire, spin transfer torque
PACS: 75.75.Fk

1. Introduction

Future storage memory novel properties, such as low
power consumption, high speed for reading and writing of
the stored information, storage of multi-bit per cell and
spin-transfer torque driving have been the subject of recent

[1=71 Racetrack memory is one application of fu-

developments.
ture storage memory.'3° Thus, several studies have focused
on studying the current induced domain wall (DW) motion to
improve critical issues like the DW’s heat fluctuation.!!%-11]
Other studies have examined the DW speed and how to im-
prove the DW speed reduction related to various parameters,
such as the Walker field.l'2"15] However, other researchers
have concentrated on using different ways to trap the DW at

[16-23] Triangular notches are

certain positions within devices.
the most common DW trapping methods, although this has
some limitations: for example, their shape facilitates the VW
structural transformation. However, the notching process is
complex and costly, especially for devices with ten-nanometer
widths and nonuniform pinning.[**-?8] The manipulation of
driven DW using spin currents is the key for future spintron-
ics storage devices. Herein, the challenge is maintaining the
DW’s structure during the dynamics and pinning process for

the construction of racetrack memory, especially with mag-
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netic vortex racetrack memory.2°-3?l In this work, we propose
a VW storage memory using offset magnetic nanowires. The
proposed scheme consists of two nanowire segments with an
offset area in the center, as shown in Fig. 1(a). Using this
offset device with nanoscale dimensions will help to lower
the power consumption. Furthermore, the design of the oft-
set area as the overlapping between two nanowire edges will
help to pin the VW precisely by adjusting the length of the
offset area (/) and its depth (d). Moreover, the offset area is
free of the sharp edges in its center. This helps to protect the
VW structure from transformations during its pinning and de-
pinning process, which extends the memory life. In addition,
with the offset nanowire, the VW speed could be controlled by
altering the geometry of the offset area, such as / and d. Un-
like the spin valve, the offset device can play a role in storing
more than one bit per cell by increasing the number of junc-
tions in one cell, as shown in Fig. 1(b). In this work, with this
proposed scheme, the structural stability of the VW during the
dynamics and pinning process is examined due to magnetic
properties such as saturation magnetization (M;). A study of
the VW speed is subsequently carried out based on the current
density and the geometry of the offset area.

Finally, a multi-segmented magnetic nanowire is de-
signed to increase the storage density with four junctions to

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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obtain six states per cell (three bits), as shown in Fig. 1(b).
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Fig. 1. (a) The offset magnetic nanowire. (b) The multi-segmented
magnetic nanowire for high storage density.

2. Modeling

The dynamics of VWs with tail to tail ( TT) config-
urations in offset nanowire are carried out using a frame-
work of OOMMF codes at 0 K31 based on the Landau—
Liftshitz—Gilbert (LLG) equation with a spin-transfer torque

(STT) term, according to the Zhang and Li mode] 343!
dm dm
ame H ki
a7 Ym X Hegr+ 0 X T
+(u-V)m+pmx (u-V)m. (1)

We consider the fact that the magnetic properties are used
for in-plane magnetic materials, such as permalloy, COggFejq

[36] The damping coefficient ¢ is fixed to 0.01,

and NigFeq9.
the nonadiabatic constant 3 is chosen as 0.04 for all simula-
tions and the exchange stiffness is A = 1.3 x 10~ ! J/mB7! and
u = (gPug/(2eMy))J.1

Offset magnetic nanowires with the geometries of
L2000 nm)xw(200 nm)x#(30 nm) are considered in this
study. These dimensions are chosen due to the availability of

39.401 A cubic cell size

the VW depending on nanowire sizes.|
(mesh size) of 5 x 5 x 5 nm? is selected, and is sufficiently
smaller than the exchange length (= 5.3 nm).

At the nanowire center, an offset junction is created by
shifting one part vertically in the y-direction with vertical
length (d) and horizontal length (/) in the x-direction. Fig-
ure 2(a) shows the initial state with the dimensions of the off-

set magnetic nanowire.
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Fig. 2. (a) An OOMMF image of magnetic offset magnetic nanowire
dimensions with an initial state where all spins are configurated to the
positive x-direction (m, = +1). (b) An OOMMEF image of VW motion
in offset nanowire under a value of current density (J/ =2 x 10'" A/m?).

The offset nanowire is connected with a nucleation pad
with dimensions of length 2000 nm and width 1000 nm. Ini-
tially, the current density is applied in the positive x-direction
to saturate the magnetization in this direction (red color),
as in Fig. 2(a). Then, the current density with a value of
2% 10" A/m? is used to create VWs with tail to tail magneti-
zation at the nucleation pad, and one of them is propagated in
the offset magnetic nanowire [Fig. 2(b)].

3. Results and discussion

Different parameters, such as the high stability, fast ac-
cess, and large density of VW racetrack magnetic storage de-
vices, have been investigated in this study using offset mag-
netic nanowires.

3.1. VW structural stability

One parameter for the construction of a stable VW mag-
netic racetrack memory is the VW structural stability during
its dynamics in magnetic nanowires.*!! Thus, the effects of
magnetic properties, such as M and offset area dimensions, on
VW structural stability before reaching the offset area are stud-
ied first. Simulations are formed using offset nanowires with
fixed / = 50 nm and varying d (50 nm, 100 nm, 150 nm). It is
found that by increasing the values of the offset area depth (d),
the VW loses its structural stability and converts to TW early
during its dynamics before reaching the offset area. Thus,
increasing the values of M; helps to maintain the VW struc-
ture. With the magnetic nanowire with offset area (I = 50 nm
and d = 50 nm), it is seen that the VW has less structural sta-
bility with M, < 700 kA/m in its dynamics toward the offset
area and it converts to a transverse domain wall (TW). How-
ever, the VW becomes stable in its structure with Mg values
of > 800 kA/m and no structural changes are observed. For
example, with an M of 500 kA/m, the VW converted to TW
after 1 ns of starting its motion, as shown in Fig. 3(b), while its
structure is stable for 2.5 ns with M, of 600 kA/m, as illustrated
in Fig. 3(c). As the M is increased to 700 kA/m [Fig. 3(d)], it
can be seen that the VW maintains its structure for 6.5 ns until
it reaches the offset area, before transforming to a TW within
the constricted region. However, the VW has high stability in
its structure with Mg > 800 kA/m and has pinned at the offset
area as a VW, as illustrated in Fig. 3(e). To better understand
how the M; affects VW structural stability in offset nanowire
(d =50 nm and / = 50 nm), Fig. 3(f) presents the plot of nor-
malized magnetization in the x-direction (m,) versus time for
different values of M. The circled dashed area indicates the
time of switching of the VW to TW during the VW dynamics
(i.e., Mg = 500 kA/m and 600 kA/m). In contrast, by increas-
ing the M to values of > 700 kA/m, the VW becomes more
stable and its graph becomes smooth, without any indication
of the transformation type [Ms = 700 kA/m and 800 kA/m)].
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Fig. 3. (a) An OOMMF image of VW dynamics in offset nanowire with a constricted area of (/ = 50 nm and d = 50 nm). (b)—(c) OOMMF
images of a VW switching to a TW with values of M < 700 kA/m. (d)—(e) OOMMEF images of a VW that is stable in its structure and that pins
at the offset area as a VW with values of Mg > 800 kA/m. (f) The time dependence of m, for different values of M; in offset nanowire with a
constricted area of (/ = 50 nm and d = 50 nm). (g) The plot of exchange energy versus time for M = 500 kA/m and 600 kA/m.

A VW transformation results from competition between
exchange energy, which keeps the magnetic field surrounding
the core and the easy axes’ energy, which keeps the DW mag-
netization on the easy axes as a TW. To understand the effect of
Mg on VW transformation, exchange energy is plotted against
time for two values of M, as shown in Fig. 3(g). It is found
that the VW has higher exchange energy when increasing the
M. As aresult, there is an improvement in the VW structure
stability. For more confidence that the VW has more struc-
tural stability with increasing My values, more investigations
are carried out using offset nanowire with area dimensions of

(I =50 nm and d = 100 nm); it is seen that the VW changes its
type to TW, as observed for the nanowire with dimensions of
(I =50 nm and d = 50 nm) for Mg = 500 kA/m and 600 kA/m
[Figs. 4(b) and 4(c)]. However, for Mg = 700 kA/m, the VW
converts after 3.5 ns to TW before reaching the offset area, as
shown in Fig. 4(d). More structural stability is observed with
700 kA/m< M < 900 kA/m, where the VW converts to TW
at the offset area [Fig. 4(e)]. To maintain the VW structure in
the (I = 50 nm and d = 100 nm) magnetic nanowire, My values
should reach up to 900 kA/m or higher (Mg > 900 kA/m), as
evidenced by the plot of the m, versus time in Fig. 4(f).

d=100 nm (b) I

1 e, () —M,=500 kA/m 1
< : — M, =600 kA/m
—M;=700 kA/m

",

_ . — M. =800 kA/m |
. 0.68 N\ M. =900 kAfm
g
—0.72 1
—0.76 1

Time (ns)

Fig. 4. (a) An OOMMF image of VW dynamics in offset nanowire with a constricted area of (I = 50 nm and d = 100 nm). (b)-(d) OOMMF
images of the VW converting to TW with values of M; < 700 kA/m. (¢) An OOMMEF image of the VW transforming to TW at an offset area
with 700 kA/m< Mg < 900 kA/m. (g) The VW becomes stable and pins at the offset area (Ms > 900 kA/m). (f) A plot of m, as a function of
time in offset nanowire with a constricted area of (/ = 50 nm and d = 100 nm).
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When increasing the depth of the offset area to d =
150 nm, the VW becomes less stable and needs to use values
of M > 1000 kA/m to maintain its structure until it is trapped
by the offset area. Figures 5(b)-5(d) show the VW transfor-
mation under the values of Mg < 700 kA/m with the same VW
transformation time as in the nanowires with (! = 50 nm and
d =50 nm) and (/ = 50 nm and d = 100 nm). However, in this
nanowire of offset dimensions (I = 50 nm and d = 150 nm),

(a)

(c)

((3) IIIIIIIIIIIIIIIIIIIIl!!!!iiiIIIIIIIIIIIIIIIIII
{“u'\'

(2)

l |

ﬁ1i!i|IIIIIIIIIIIIIIIIII

the VW remains stable in its structure until it is pinned at
the offset area with only M; values of 1000 kA/m and higher
(Mg > 1000 kA/m), as illustrated in Fig. 5(f). Figure 5(g)
shows the m, versus time for different values of M. As can
be seen, the VW switching varies depending on the M val-
ues. However, with the M of 1000 kA/m, the curve actually

becomes smooth without any sign of VW switching.
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Fig. 5. (a) An OOMMEF image of VW dynamics in offset nanowire with an offset area of (/ = 50 nm and d = 150 nm). (b)—(d) OOMMEF images
of the VW converting to TW with values of M <700 kA/m. (e) The VW transforms to TW at the offset area with 700 kA/m< My < 1000 kA/m.
(g) The VW becomes stable and pins at the offset area (M > 1000 kA/m). (f) A plot of m, as a function of time in offset nanowire with an

offset area of (/ = 50 nm and d = 150 nm).
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Fig. 6. The VW structure stability time dependence of M in different
nanowire structures of offset areas.

For a better understanding of the effect of increasing d
on the VW structural stability time, the VW structure stabil-
ity time is plotted against My for several nanowire structures
[Fig. 6].
variations in d on VW structural stability time for values of
Mg < 600 kA/m, and the transformation takes place before
the VW reaches the offset area at the same time in differ-

It can be observed that there is no effect of any

ent nanowires. However, the effect of d on VW switching
becomes obvious when the VW reaches the offset area for

M, > 700 kA/m. Herein, it is found that the VW structural sta-
bility time decreases when increasing d for the same M value.
For an instant, the VW switches to TW with M, of 800 kA/m
after 10 ns in magnetic nanowire with d = 100 nm, while it
undergoes transformation after 8 ns and 6 ns in nanowire with
offset areas of d = 150 nm and 200 nm, respectively. More-
over, it is noted from the graph that an increasing d leads to a
linear relationship between the VW stability time and M.

3.2. VW speed

The effect of increasing d on VW stability time leads to
the investigation of the effect of the variation of d on VW mo-
tion. Thus, the influence of increasing d on VW speed is stud-
ied. Here, the M of 1100 kA/m is used to maintain the VW
structure during its motion until it gets pinned at the offset
area. Figure 7(a) shows the plot of VW velocity dependence
on current density in nanowires with different values of d. It
is noted that the VW velocity changes linearly with current
density and this agrees with the equation

- gPBus
2eoM”’

where J is the current density, g is the Lande factor, P is the

@

spin polarization, e is the carrier charge, up is the Bohr mag-
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neton, f is the non-adiabatic parameter and o is the Gilbert
damping factor.*%]

In addition, it is found that VW dynamics increase by
increasing the offset area geometry d due to the decrease in
the easy axis’s energy in positive x-axes, which means that
the VW magnetization switches from the positive x-axes di-
rection to the negative will be faster and, therefore, the VW
moves faster. For example, with a current density value of
6 x 10'! A/m2, the VW moves with the speed of 250 m/s in
a nanowire with an offset area of d = 50 nm, while it moves
with 280 m/s in the offset nanowire with d = 100 nm and with
310 m/s in the nanowire with d = 150 nm.

Figures 7(b)-7(e) show snapshot images of the VW at dif-
ferent positions in nanowires of d (50 nm, 100 nm, 150 nm and

200 nm) under a driven current density of 1.2 x 1012 A/m?
at the same time of 1.65 ns from the start of its motion. It
is observed that by increasing d, the VW has crossed farther
distances at this time (1.65 ns). Thus, the VW is closer to
the offset area in the nanowire with d of 200 nm [Fig. 7(e)].
For future VW memory, the VW should move with a speed of
100 m/s and higher. Using offset nanowire, we achieve the
result that the VW moves with a speed of 500 m/s, which
is desirable for fast writing and reading of stored informa-
tion. Meanwhile, in the literature, they have only achieved
200 m/s.132! More efficient results for increasing the VW ve-
locity by manipulating the offset geometry are obtained via
reduction of the VW thermal fluctuations by driving VWs at
low current densities.

5007 (a) | =50 nm
450 1 1 (o) d=100 nm
400 | E
= 350+ ]
E
> 300 1 B d=50 nm
® ¢ =100 nm
250 A d=150 nm ]|
V¥V d =200 nm
200+ [ =50 nm ]
150 r T T T T

06 08 1.0 12
J (1012 A /m?)

0.2 04

1.4

Fig. 7. (a) The plot of VW velocity as a function of current density in offset nanowire with different values of . OOMMEF images of the VW
position at the time of 1.65 ns and in the offset nanowire with / = 50 nm and (b) d = 50 nm, (c) 100 nm, (d) 150 nm and (e) 200 nm.

3.3. VW pining at offset area

For high performance of the VW magnetic racetrack
memory, the VW should be pinned at the offset area. This
pinning strength depends on the offset area dimensions (/ and
d) and the development of magnetic properties, such M, and
K,. Thus, the depinning current density (Jq) over the offset
area geometry (/ and d) is investigated. It is found that the
depinning current density increases linearly with d [Fig. 8(a)],
while it decreases with increasing /, as shown in Fig. 8(b).

207 T - v . 10
18 94 (b)
& 16 = 8
~ ~
< E <7
B 3
S 10 =
< 8 =5
~ =50 nm = d =50 nm
6 4
3= T T v r
40 80 120 160 200 40 80 120 160 200
d (nm) ! (nm)

Fig. 8. VW depinning current density versus (a) d with fixed / to 50 nm
and (b) / with fixed d to 50 nm. The magnetic properties of the investi-
gated material are K, = 0.5 x 10° J/m? and Mg = 1100 kA-m.

Furthermore, depinning current density (J4) values based
on M; and K, are investigated using different offset area di-
mension values (/ and d). Figure 9 shows the graph of Jy4 ver-
sus d for different values of My and K,,. In these graphs, it is
obvious that J4 increases when the M, or K, values increase. It
is worth noting that J4 has linear behavior with d for different
values of M and K, which would add critical improvements
for high VW storage memory with a long lifetime.

For example, in the nanowire with offset area dimen-
sions of (I = 50 nm and d = 100 nm), Jg is 7.5 x 10'> A/m?
for the M of 1100 kA/m, while it is 11 x 10'*> A/m? and
15 x 10'2 A/m? for the M of 1150 kA/m and 1200 kA/m, re-
spectively [Fig. 9(a)]. The effects of K, on VW pinning with
varying d are the same as for M;. The results are plotted in the
graph of J4 versus Ky, as shown in Fig. 9(b). To get a better un-
derstanding of the effects of / on Jy (the offset nanowire junc-
tions), nanowires are proposed with fixed values of d (50 nm)
and the values of / are varied by 50 nm. Figure 9(c) shows the
plot of J4 dependence on / for different values of M, show-
ing that the Jy4 decreases with increasing / values and the same
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results are observed with different values of K, [Fig. 9(d)].
These results have confirmed that the pinning potential of the

24 1 w My=1100 kA/m
® M,=1150 kA/m
o~ 201 AM,=1200 kA/m
B
< 16 1
o 121
=l
S gl
[ =50 nm
40 80 120 160 200
d (nm)
| « M,=1100 kA /m |
10 o M,=1150 kA/m
. A M,=1200 kA/m
C\IE 8 | |
~
<
> 61 J
Z
T
Sy ]
d=50 nm
40 80 120 160 200
! (nm)

offset nanowire has increased by improving the values of M;
and K,,.

20 1 I'Ku:O.'1><105 .]'/m3m ’ ]
® K, =0.5x10% J/m3m
~ 161* K,=1.0x105 J/m3m |
g
~
= 124 ;
=
—
= 8- .
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4 ///l.:mj"
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Ja (1012 A/m?)
"
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Fig. 9. (a) The plot of Jy as a function of (a) d for three values of M, (b) d for three values of K, (c) / for three values of M, and (d) ! for three values of Kj,.

3.4. VW multi-bit per cell

A critical parameter for future VW storage memory is to
increase the storage density to more than one bit per cell. For
this implementation, the offset nanowire is designed with four
junctions by increasing the values of d from left to right and
keeping / fixed (50 nm). To maintain the VW structural sta-
bility, the M; is kept to 1100 kA/m. The possibility of storing
six states using the offset nanowire with four junctions is also
investigated. It is noted from Fig. 10 that six states are ob-
tained, and Fig. 10(a). shows a plot of the m, dependence of

current density for the six states. Figure 10(b) shows the first
state where all spins pointed to the positive x-direction while
increasing the current density to 1 x 10'2 A/m?; the VW is
created and moves to become pinned at the first junction to
represent the second state [Fig. 10(c)]. Once the current den-
sity is increased to reach the value of 2.5 x 10'2 A/m?, the
VW leaves the first junction and moves to the second one and
gets trapped there. This represents the third state and so on,
until the VW moves to the end of the nanowire, as shown in

Fig. 10(g).

(b) S 1101021111150 nm
=50 nm d =200 nm
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1L.Of=® State 1 (b) (a) Yy %
State 2 (c) . State 2
051 EEEEEE (@ | (d)
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£ 0] -
State 4 (e) (e) s
EmEEE 3
_o.5] ‘ - I State 4
. State 5 (f)
=50 nm mmmE ()
State|6 (g) 1
—~1.01 L HET | I State 5

2 4 6 8 10 12 14
J (102 A /m?)

State 6

Fig. 10. The six states of multi-segmented magnetic nanowires with L = 1000 nm, w = 200 nm and ¢ = 30 nm. The magnetic properties are My =
1100 kA/m and 0.5 x 10° J/m>. (b) The first state and (c) the second state, where the VW is pinned at the first junction (d = 50 nm). (d) The third state,
where the VW is pinned at the second junction (d = 100 nm). (e) The fourth state, where the is VW pinned at the third junction (d = 150 nm). (f) The
fifth state, where the VW is pinned at the fourth junction (d = 200 nm), and (g) the sixth state, where the VW moves to the end of the nanowire.
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4. Conclusion

In summary, several properties of VW magnetic racetrack
memory were investigated using offset magnetic nanowires for
future high speed, high density and long lifetime storage mem-
ory. It was found that VW transformation could be controlled
by increasing the M. For M values of > 800 kA/m, the VW
structure was stable during its dynamics and depinning pro-
cess, which helps to maintain the long lifetime of the storage
devices. Using offset magnetic nanowires, a VW maximum
speed of 500 m/s has been achieved to implement fast access
memories. We found that the VW speed could be controlled by
adjusting the offset area dimensions (/ and d) and the driven
current density. Six stable states were achieved using multi-
segmented nanowires with four junctions. The VW pinning
through the junction depends on the junction sizes (/ and d)
and magnetic properties (M, and K,). It was observed that
Jq increases with increasing d or magnetic properties and de-
creases with increasing / or magnetic properties.
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