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Investigations on domain wall (DW) and spin wave (SW) modes in a series of nanostrips with different widths and
thicknesses have been carried out using micromagnetic simulation. The simulation results show that the frequencies of
SW modes and the corresponding DW modes are consistent with each other if they have the same node number along the
width direction. This consistency is more pronounced in wide and thin nanostrips, favoring the DW motion driven by SWs.
Further analysis of the moving behavior of a DW driven by SWs is also carried out. The average DW speed can reach a
larger value of ~ 140 m/s under two different SW sources. We argue that this study is very meaningful for the potential

application of DW motion driven by SWs.
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1. Introduction

Recently, the controllable DW motions in ferromagnetic
nanostrips have attracted increasing attention; firstly, due to
their potential and practical applications in next-generation
121 and secondly, due
To date,

the controllable motions of DWs in nanostrips can not only

magnetic logic and memory devices,
to the emergence of considerable driving forces.

be achieved by traditional driving forces, such as an external
magnetic field*~7! and a spin-polarized current,'®'!] but can
also be obtained by alternative driving forces, such as an elec-

[24-31

tric field,['?1 SWs,[13-231 temperature gradients, I'and po-

5.132-36] Among them, the SW is recognized

larized laser pulse
as one of the most potential driving forces due to its low en-
ergy dissipation and ultrafast velocity. When it is SW-driven,
a 180° Néel DW (head-to-head) may move in either the same
direction (mainly for the high- f SWs) or the opposite direction
(for the low-f SWs) to that of SW propagation. For simplic-
ity, these two distinguished DW-motion modes are classified
into type-I (i.e., in the low-f range) and type-II modes (i.e.,
mainly in the high-f range), respectively. With regard to the
underlying mechanisms, the angular momentum transfer from
the SW to the DW is responsible for type-I DW-motion mode,
whereas the linear angular momentum transfer is responsible
for type-II mode.!!”37-3 Furthermore, it is worth noting that
the DW motion is rather sensitive to the SW frequency (fsw).
The corresponding fsw-dependent velocity curve, similar to
the resonance spectra of the DW, also exhibits multi-peak char-
acteristics, and their peaks are all consistent with each other.
This may seem to imply the existence of some linkage be-
tween DW and SW modes. It is well known that the normal
resonance modes of the DW in a nanostrip have been well

fCorresponding author. E-mail: dongxw @xmu.edu.cn
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DOI: 10.1088/1674-1056/ad2a6b

studied,[!%40-21 a5 has the investigation of SW modes. [+~
However, their relationship has not been reported yet. Addi-
tionally, it is worth mentioning that the investigation of the
propagation of SWs inside a nano-sized DW has also attracted
considerable attention, 464!

Based on this thinking, in this study, we carried out in-
vestigations on the relationship between DW and SW modes
in a series of nanostrips. From the simulation results, one can
observe the consistency between the frequencies of SW modes
(fsw,m) and the corresponding DW modes ( fpw ) if they have
the same node number along the width direction (i.e., m = n).
This good consistency (occurring in wide and thin nanostrips)
benefits the DW motion driven by SWs. Following this, we
then carried out investigations on the moving behavior of DWs
driven by SWs in a 3005x80x5 nm> nanostrip.

2. Material and methods

In this study, the nanostrip size is set as 6 pm in length
and 5 nm in thickness (¢), and the width (w) is set in a wide
range from 50 nm to 110 nm. In the simulations, the mesh cell
size is selected as 2.5x2.5x5 nm? and standard material pa-
rameter values of permalloy (Py) are used: the saturation mag-
netization My = 800x 103 A/m, the exchange stiffness constant
Acx = 1.3 x 107! J/m and the anisotropy constant K = 0. The
Gilbert damping constant ¢ is usually set as 0.01, but it is set
in a wide range from 0.01 to 1 at the end of the nanostrip (with
a length of 1500 nm) to absorb the SWs reflected by the end of
the nanostrip. We used Mumax? to solve the Landau—Lifshitz—
Gilbert (LLG) equation.*"]

One head-to-head DW (HHDW) was placed at the center
of the nanostrip, as shown in Fig. 1(a). To excite the DW os-
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cillation, a field of H, (0.001 T, with a time duration of 500 ps)
was locally applied on the DW. Furthermore, for better exci-
tation of high-f SWs in the nanostrip without a DW, a narrow
Y-oriented domain (with magnetization oriented on the y-axis,
as shown in Fig. 1(b)) at the end of a 3-um-long nanostrip was
deliberately set as the SW source instead of exciting the SWs
by applying a sine function field along the y-axis.*>) The SWs
will be generated from the relaxation of the Y-oriented do-
main to its equilibrium state (i.e., the X-oriented domain). The
SW modes were obtained by the dispersion curves of the SWs,
which were achieved by resolving fast Fourier transformation
(FFT) of M, in the 2 pm-long region near the SW source. With
regard to the DW motion driven by SWs, a sine function of a
field with a certain frequency was applied along the y-axis in
a narrow area (~ 5 nm wide) near the DW, which was placed
at the center of the nanostrip, as shown in Fig. 1(a).

. (a)
Y T gW source

1500 nm
=

500

Fig. 1. (a) A schematic view of the model system for DW modes. One
head-to-head DW was initially placed at the center of the nanostrip (yellow
area). The area between the two black lines in the center of the nanostrip
is the FFT area. The gray area (1500 nm long) at the end of the nanostrip,
with a wide range of o from 0.01 to 1, is set to avoid the reflection of SWs.
The white arrows represent the magnetization directions of domains. The
sine function of a field with a certain frequency is applied along the y-axis in
the purple area (with a distance d of DW), acting as the SW source to drive
DW motion. (b) A schematic view of the model system for SW modes. The
green area (5 nm wide) at the end of the nanostrip is set as the Y-oriented
domain, serving as the SW source.

3. Results and discussion

We first investigated the DW resonance modes in an 80-
nm-wide nanostrip. Both the FFT data and the DW modes
were achieved by resolving FFT of M, around the DW area
(with a length of 0.5 um, as shown in Fig. 1(a)). Figure 2
shows the FFT data and FFT power distributions of DW modes
corresponding to the relevant FFT peaks (shown as the inserted
figures). After a short-lived and local field of H, applied to
the DW area, resonance oscillations of the DW can separately
or simultaneously occur in the DW center, at the DW bound-
aries and even in the adjacent area to the DW, forming edge
modes, boundary modes, center modes, standing-wave modes
and their mixed modes in a wide frequency range. Moreover,
these oscillations may be out of phase or in phase with each

other in the same area or among different areas (see the in-
serted figures in Fig. 2(b)).
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Fig. 2. FFT data of M,(z) around the DW area with a length of
(a) 0.5 um and (b) 0.2 um on the x-axis. The FFT-peak-related spa-
tial distributions of the FFT power (DW modes) are shown as insets in
both (a) and (b), respectively. Spatial distributions of the FFT phase
angle corresponding to the DW modes are only observable in (b), i.e.,
on the right or downside of the figures of FFT power distribution of
the DW modes. White lines on the FFT power distribution of DW
modes represent the DW width. The distance between two white ar-
rows in the DW boundary mode is defined as the DW width. The values
of feut—off (dashed red line) and fsw,, (dashed blue lines) in the 80-
nm-wide nanostrip, are 6.9 GHz and 7.3 GHz, 12.3 GHz, 18.1 GHz,
25.9 GHz, 36.0 GHz for m =0, 1, 2, 3, 4, respectively.

Figure 2 also presents the fsw . in which m means the
node number of the SW along the y-axis, achieved by the dis-
persion curves of SWs in the 80-nm-wide nanostrip without
the DW (see the dashed blue lines). The cut-off frequency of
the SW (feut—ofr, see the dashed red lines) is slightly smaller
than fswu—o (7.3 GHz), and can be confirmed as 6.9 GHz
by the abrupt change in DW velocity in the following section.
One can also easily see that the frequencies of the two DW
modes are below fou—off, 1.€., the single-region oscillation,
which occurs at the lateral edge of the nanostrip (fpw edge =
5.1 GHz) and at DW boundaries (fpw,boundary = 6.5 GHz).
However, no SWs are emitted in such DW oscillations (see
the inserted figures in Fig. 2(a)). It is understandable that the
propagation of SWs with frequencies below f.y_off is prohib-
ited. Above f.u—ofr, the DW oscillations are all followed by
the emission of SWs. Interestingly, if we define the frequen-
cies of the DW modes (whose DW center and DW boundary
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oscillations have the same node number of #, besides the case
of n =1) as fpw,, one can easily find that fsw ,, to some
extent, roughly equals fpw, when m = n. For example, at
fown=0 = 7.2 GHz, an obvious wide-area oscillation with
zero node (note that the oscillation mainly occurs at the ad-
jacent area to the DW) is followed by the emission of an SW
with zero node, whereas the SW mode with no node can be ob-
served at fsw,,—o = 7.3 GHz. A similar situation can also be
found at fpw ,—1 = 12.2 GHz, and the emission of one-node
SW can be clearly seen. Numerically, fpw ,—1 is consistent
with fsw m=1 (12.3 GHz). The same consistency can also be
found at fpw ,—> = 17.8 GHz; the related DW boundary and
DW center oscillation both have two nodes and the excited
SW also has two nodes, whereas the two-node SW comes
out at fsw =2 = 18.1 GHz. With regard to the DW mode
at 11.7 GHz, although the whole-DW-area oscillation is ob-
servable, the oscillation at the DW boundary is much weaker
compared to the oscillation in the DW center. Furthermore,
the DW center oscillation has two nodes, while one node is
observable in the induced SW. Thus, it should be classified as
the DW center oscillation mode.

However, the consistency between DW and SW modes
becomes complicated in the high-f range from 26 GHz to
36 GHz. The three-node DW mode is missing, and the three-
node SW can not only be induced by the DW center oscil-
lation with four nodes (fpw centern=4 = 29.1 GHz), but can
also be produced by the whole-DW-area oscillation with four
nodes (fpw.n—4 = 34.8 GHz). After careful observation of the
four-node DW mode, the four-node SW is actually excited at
DW boundaries, but it turns into a three-node SW quickly af-
ter a short distance propagation. This means that the high-f
multi-nodal SWs (m > 3) can only be locally induced in the
adjacent area to the DW by the DW oscillations. This can
also be proved by the DW oscillation mode at ~ 25.6 GHz
(see Fig. 2(a)) (which will be confirmed as fpw ,—3 in the fol-
lowing section), although no obvious FFT peak is observable
at ~ 25.6 GHz. As expected, the three-node DW oscillation
mode is very weak, and so is the three-node SW induced by the
DW oscillation. Their oscillation amplitudes are even smaller
than that of the zero-node SW. Thus, among these DW modes,
the three-node DW modes are negligible.

For further clarification, we carried out investigations on
the excitation efficiency and attenuation length of SWs in the
80-nm-wide nanostrip. Figure 3 shows that the excitation ef-
ficiency and attenuation length of SWs are both highly de-
pendent on fsw.!'®! They both have an abrupt increase in the
low-f range and then decrease with fsw after a peak. The
maximum excitation efficiency appears around fpw,,—o, while
the attenuation length has an abrupt increment in a wider f-
range from foy—off t0 fpw —1. Furthermore, the excitation ef-
ficiency decreases abruptly after the peak, but the attenuation

length decreases slowly after a wide and flat peak in a f-range
from fpw =1 to fpwn—2. Thus, due to the low excitation ef-
ficiency of the high-f SWs, the high-f SWs are much harder
to generate in comparison to the low-f SWs. Even though the
high-f SWs can be excited, they are very weak and only exist
locally near the DW.

b fswon=0 (a)

0.06

SW amplitude (M)
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Fig. 3. The fsw-dependence of the excitation efficiency (a) and at-

tenuation length of SWs (b) in the 80-nm-wide nanostrip. The values

of feut—oft (dashed red line) and fpw,, (dashed green lines) in the 80-

nm-wide nanostrip are 6.9 GHz and 7.2 GHz, 12.2 GHz, 17.8 GHz,

25.6 GHz for n =0, 1, 2, 3, respectively.

0

Attenuation length (arb. units)

Based on this analysis, we recalculated the FFT data and
the DW oscillation modes by resolving FFT of M, around the
DW in a much narrower length (about 0.2 pm): good consis-
tency between the DW and SW modes in the high- f range was
finally achieved. As shown in Fig. 2(b), fpw =3 (25.6 GHz)
and fpw,—4 (35.5 GHz) are roughly consistent with their
counterparts fsw,—3 (25.9 GHz) and fsw -4 (36.0 GHz),
respectively. It is worth mentioning that the value of fpw,
gets much smaller than that of fsw , with the increasing node
number (note that m = n). The fact that it is much easier to
form a multi-nodal DW mode than an SW mode may be as-
cribed to the inhomogeneous distributions of an effective field
in the DW, induced by its inhomogeneous equilibrium magne-
tization configuration.[*?! The strip’s lateral edges with a large
effective field gradient can favor the confinement of the SW,
resulting in easy formation of the localized edge modes. Con-
versely, the increasing frequency gap between the multi-nodal
DW mode and the corresponding SW mode does not bene-
fit the excitation of DW resonance oscillation, which plays a
vital role in the DW driving process, and finally leads to the re-
duction of the DW motion speed. Furthermore, the DW center

067502-3



Chin. Phys. B 33, 067502 (2024)

oscillations with three nodes (fbw center,ni=3 = 20.2 GHz) and  ing up to 8.3 GHz (slightly larger than fpw poundary. 7.9 GHz).
four nodes (fbow centeri=4 = 29.9 GHz) are also observable, ~ When w < 40 nm, fpw edge gets a huge increment and is even
respectively. Also, an anti-symmetric DW oscillation mode at twice the size of fpw.m—o at w = 20 nm (see Fig. 4(a)). With
16.2 GHz (a very tiny FFT peak) can be seen. Its oscillation  regard to the reason for this, we argue that it should be at-

mainly locates on both sides of the DW center line at x =0 ypyted to the smaller reduction of the edge DW mode area
and is anti-symmetrical with respect to the DW central line, as

shown in the inset of Fig. 2(b). These anti-symmetrical DW

with the decrease in w (especially when w < 40 nm), com-
pared to the other DW modes. For simplicity, we defined the
DW width Wpw as the distance between two DW boundaries
in the DW boundary mode along y = 0 (see Fig. 2(a)). We also
defined the width of DW edge mode, Wpw edge, as the width
of the oscillation area along the lateral edge of the nanostrip
with a wider DW width. As shown in the inset of Fig. 4(a),
Whbw edge g0es down more slowly than Wpw with the decrease

modes are more commonly seen in thick nanostrips.

It is well known that fsw, in nanostrips will decrease
with the increment of w.!*3! As shown in Figs. 4(a) and 4(b),
for the 5- and 10-nm-thick nanostrips, both fsw,» and fpw .
indeed decrease with increasing w, and become increasingly
concentrated in the low-f range. Furthermore, their consis-
tency is maintained well in these two series nanostrips. How-
ever, fpw.edge behaves very uniquely. In the w-range from inw. Atw =20 nm, Wpw edge almost equals Wpw. Note that
110 nm to 60 nm, being the DW mode with the lowest fre- the narrower the nanostrip, the greater the amount of energy
quency, fpw.edge decreases slowly with the decrease in w, needed to induce a DW oscillation, especially in the almost
similar to fpw,—o. However, with a further decrease in w, whole DW area. The corresponding DW resonance frequency

SfDW edge gets an abnormal increment at w = 50 nm, reach-  is going to be very high.
50 (a) so T t=5nm (b) t=10 nm (c) w =80 nm
. iz < om :D 7 o o o o o
DW, edge o
:N 40 F 20 40 60 80 o o |
O e © —o—38 3 o
~ o
301 F
E ———8—_ g 0
=
z 20¢r 3 L
Z g\Q‘D\e—-o‘o_,o o
v e [T
0 . JDW, boundary X . ] X - . X 0 :
20 40 60 80 100 45 60 75 90 105 5 10 15 20
w (nm) w (nm) t (nm)

Fig. 4. The w-dependence of both fsw,, (square) and fpw (circle) for (a) 5S-nm-thick nanostrips and (b) 10-nm-thick nanostrips. The ¢-
dependence of both fsw,, and fpw for 80-nm-wide nanostrips. The inset values of m represent the node numbers of SW modes.

In Fig. 4(c), one can also observe the 7-dependence of  and thinner the nanostrip, the easier it is to obtain high SW
fsw.m in the 80-nm-wide nanostrips. In detail, the fsw , inthe  excitation efficiency and the easier it is to achieve fast DW
low- f range (m < 2) increase with increasing ¢, while the high-  motion driven by SWs.

f fsw,m are nearly saturated after = 5 nm. Furthermore, the We then investigated the moving behavior of DWs driven
good consistency between fsw  and fpw , is only observable by the propagating SW5s in the 3005x80x5 nm? nanostrip.
when ¢t < 10 nm. Meanwhile, the DW modes below fou—osf The distance (d) between the SW source and the DW was
exhibit a strong thickness dependence. Some DW modes only  first set as a small value of 500 nm. At first glance, an
exist in a narrow ¢-range, e.g., the DW boundary mode is only =~ abrupt decrement of the DW moving speed (which refers to
observable in the f-range from 5 nm to 10 nm, and the mixed  the average speed of the DW in a time duration of 20 ns)
mode of the DW edge and the DW boundary mode can be  from 34 m/s to 1.5 m/s at 6.9 GHz is observable, as shown
seen in the ¢-range from 10 nm to 20 nm. Interestingly, the in Fig. 5(a). Thus, the value of f.u—_off can be directly con-
DW edge mode and DW boundary mode both exhibit differ-  firmed as 6.9 GHz. From the fsw-velocity curve, two types of
ent thickness dependence, decreasing with the increment of £.  DW-motion modes can be easily distinguished. Type-I mode
Specifically, with the increment of 7, the DW modes become  can be seen when fsw lies in a narrow f-band above fou_off
more complicated. The possible reason for this may be the  (i.e., 6.9 GHz < fsw < 8.3 GHz), whereas the type-II mode
asynchronism of DW oscillation in the different layers whent  is observable when fsw is above 8.3 GHz. Furthermore, al-
reaches a certain value (around 10 nm), which definitely does =~ most every DW speed peak, except the peak at 16.5 GHz, has
not favor the DW motion. The underlying mechanism needsto  the corresponding FFT resonance peak, and the high-f speed

be further investigated. Consequently, we argue that the wider ~ peak is much more consistent with the corresponding fsw
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than with fpw , (e.g., the speed peak of 18.2 GHz is very near
Sfsw.m=2 = 18.1 GHz). This further confirms that the high-f
DW mode is hard to excite. With regard to the missing FFT
peak at around 16.5 GHz, this should be ascribed to the pe-
culiar and anti-symmetric oscillation of the DW in this fre-
quency range (see the DW oscillation mode at 16.2 GHz in
Fig. 2(b)). We assume that the anti-symmetric DW oscillation
is hard to generate by applying a local field H; on the DW. The
unidirectional-propagation SWs possibly favor the generation
of the anti-symmetric DW oscillation modes. Meanwhile, a
tiny speed peak at fpw,—o is also observable, although the
main mode of DW motion at fpw ,—o is the type-I mode.
Specifically, at fpw ,—0, two DW motion modes coexist, while
type-I takes a main role in the whole process. With increasing
d, the dominant role of type-I mode is dramatically weakened,
becomes negligible at d = 750 nm (Fig. 5(b) and the inset), and
even vanishes at d = 1500 nm (Fig. 5(c) and the inset). Only a
positive and small speed peak (representing type-II mode) can

be found at fpw ,—o. With regard to the reason for this, we as-
sume that it should be ascribed to the extremely short attenua-
tion length of the SWs in the f-range from 6.9 GHz to 8.3 GHz
(Fig. 3(b)). Before propagating to the position of the DW, the
SW is so attenuated that it cannot efficiently drive DW mo-
tion in type-I mode, but it can slightly induce DW oscillation
and make the DW move in type-II mode. Further investigation
of the underlying mechanism is needed. In addition, one can
see that the maximum DW speed (51 m/s) appears at around
Jfsw.m=1, and the value of each speed peak roughly linearly de-
creases with increasing fsw. The DW speed peak in the high-f
range firstly vanishes with increasing d due to the low excita-
tion efficiency of high-f SWs. Another possible reason may
be the increasing frequency gap between the multi-nodal DW
mode and the corresponding SW mode. Last but not least, the
HHDW and tail-to-tail (TTDW) behave identically under the
same SW.

60

o
W fswan=o0

0
M feut—oft
"

&) W
=) o
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—20

i d=750 nm i L
le '

T — - -
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! i :
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Fig. 5. The fsw-dependence of the velocity of the head-to-head DW (square) and tail-to-tail DW (circle) in an 80-nm-wide nanostrip with a
distance between the DW and SW source of (a) 500 nm, (b) 750 nm and (c) 1500 nm. The inset figures in (b) and (c) exhibit the detailed
fsw-velocity curves in the low- f range. The values of fey—off (dashed red line) and fpw,, (dashed green lines) in the 80-nm-wide nanostrip
are 6.9 GHz and 7.2 GHz, 12.2 GHz, 17.8 GHz for n =0, 1, 2, respectively.

Finally, if two DW-motion modes are simultaneously ex-
cited through two separate SW sources, the speed of the DW
will achieve a much larger value. Taking the 80-nm-wide
nanostrip as an example, SWs with frequencies of 7.2 GHz
and 12.2 GHz were simultaneously excited. Two SW sources
on each side of the DW have a distance of 500 nm, and the
SW source with a frequency of 12.2 GHz is nearly close to
the DW. Following the emission of two SWs, the average DW

speed can reach a much larger value of ~ 140 m/s.

4. Conclusions

In summary, we carried out investigations of DW and SW
modes in a series of nanostrips with different w and 7. One can
easily observe the consistency between fsw ,, and fpw ,, when
m = n. And the good consistency (occurring in wide and thin
nanostrips) will favor the DW motion driven by SWs. Mean-
while, the fsw-dependent DW speed curve shows two differ-
ent DW-motion modes; type-I mode lies in a narrow-f band

(i.e., 6.9 GHz < fsw < 8.3 GHz), whereas type-II mode is in
a wide- fband above fiy_of. Interestingly, two DW-motion
modes coexist under the low- f SWs, and the type-I DW mode
can only be observed near the SW source due to the short at-
tenuation length of low-f SWs. Finally, the average DW speed
can reach a larger value of ~ 140 m/s under two different SW
sources. We argue that this study is very meaningful for the
potential application of DW motion driven by SWs.
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