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wall (DW) velocity (vpy,) of 1200 m s™. We demonstrate a
potential means of achieving the DW speed of 1200 m s
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270 to 350 K in Fe-rich GdFeCo magnetic wire. Our findings
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Elucidation of the mechanism for maintaining
ultrafast domain wall mobility over a wide

temperature ranget
S. Ranjbar, (2% S. Kambe,? S. Sumi,? P. V. Thach,?® Y. Nakatani,© K. Tanabe?® and
H. Awano®

To achieve a 20 Gbps data rate using the upcoming 5G communication standard, it is crucial to
recognize a domain wall (DW) velocity (vpw) of 1200 m sl We demonstrate a potential means of
achieving the DW speed of 1200 m st at low current density in a wide temperature range from 270 to
350 K in Fe-rich GdFeCo magnetic wire. We show a significant relationship between the vpyw and the
pulse duration width, which corresponds to the Joule heating effect and the shape of the DW.
Generally, if the current density is constant, the current-driven DW displacement is proportional to the
pulse width, so the DW speed is also constant. We found that the vpy increases with the shortening of
the applied pulse current width. However, the DW shape appears rounded in the case of long pulse
duration width. Accordingly, the damping-like effective field and the Neel DW are not orthogonal to
each other except in the wire center; as the efficiency of SOT decreases, the DW speed reduces. We
also measured the Dzyaloshinskii—Moriya interaction (DMI) field for 3 ns 30 ns pulse duration widths. In
the case of 30 ns, the DMI field was found halved in comparison to the 3 ns width. Generally, the DMI
field is a material-specific parameter, and this difference is clarified by the shape of the DW driven by
the current. Our findings on the fast and high thermal stability of DW motion at low current density in

rsc.li/materials-advances

1. Introduction

Spintronics applications are extensively investigated for high-
performance logic computing technologies and racetrack
memories."™ In the past decade, most studies have focused
on thin ferromagnetic films deposited on a heavy metal, where
the interfacial Dzyaloshinskii-Moriya interaction (DMI) stabilizes
chiral Neel walls that can be efficiently driven by spin Hall
effect-spin orbit torque (SHE-SOT).”” In ferromagnetic materials,
low coercivity (H.) is an advantage, however, large critical current
density (J.), bit size, stray field interactions, and precessional
dynamics of the operating speeds present substantial
limitations.**® Recently, current-induced domain wall (DW)
motion in ferrimagnets has become an intense field of research.
These materials consist of rare-earth (RE) and transition metal
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compensated ferrimagnetic material open new opportunities for high-speed spintronic devices.

(TM) compounds in which the magnetization and angular
momentum compensation of the two sublattices may be achieved
by adjusting either the temperature or the composition of the
material.""" Several studies have, in particular, reported that
spin-transfer torque,"”>™* spin-orbit torque,"> and field-driven *
DW motion in ferrimagnets are fastest at the angular momentum
compensation temperature (Tanvc), where the magnetic dynamics
are antiferromagnetic. Several reports have predicted that the
fast current-induced DW motion (CIDWM) appears near the
angular momentum compensation temperature for ferrimagnetic
wires.""'"'® However, some principal difficulties faced in this
situation are reaching small bits,"” high thermal stability, and
track of these parameters without using an in-plane external
magnetic field at high speed.'® To overcome this challenge, an
alternative strategy is using amorphous rare earth transition
metals (RE-TM) ferrimagnetic systems, such as GdFeCo. In this
study, we note that Fe concentration is much higher than that of
Co in TM, so the GdFeCo is closer in composition to GdFe than it
is to GdCo. Many reports have considered that for GdCo to achieve
fast DWM, it is essential to apply an external in-plane magnetic
field'® as compared to the GdFeCo magnetic wire.

Furthermore, we compared our work with previous reports
(Table 1). These results have motivated us to analyze the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 A comparison of our work (GdFeCo) with other studies (TbCo'® and GdCo®)

Parameters TbCo GdCo GdFeCo (our results)*

DW speed (m s~ ") (room temperature) 75 850 1500*

J(Am?) 3.0 x 10" 2.0 x 10 1.7 x 10M*

DW mobility 5 6.5 88*

Thermal stability (VDW = 1200 m s~ %) No report Not stable Stable*

g (Re)®™> g ~ 1.5 8ca ~ 2.0 gca ~ 2.0

g (TM)**2° Zco ~ 2.22 Zco ~ 2.22 ZregCo,, ~ 2.08% (gpe ~ 2.06; geo ~ 2.22)

mechanism of DW motion in compensated ferrimagnet. We
performed systematic experiments for CIDWM in Gd,(FeggC012)100_x
ferrimagnetic wires. We have demonstrated that by employing
the Gd-FeCo magnetic wire, the DW velocity reaches 1200 m s~
in a wide range of temperatures from 270 to 350 K when a short
pulse duration width is injected into the wire. We then analyzed
theoretically and experimentally the temperature dependence
of the magnetic wire by applying different pulse duration
widths and found that the long pulse duration width generates
a more significant temperature gradient than the shorter pulse
duration width. We performed experimental and theoretical
simulations to clarify the mechanism of DW velocity for various
pulse duration widths. At 3 ns, the shape of the DW was
orthogonal to the magnetic wire, and a Neel wall was formed
in the direction of the magnetic wire. When the damping-like
effective field and the Neel DW are orthogonal to each other,
hence SOT is efficiently generated and a high DW speed is
realized. However, this observation was opposite to the results
obtained in the case of 30 ns width. Finally, by observing the
DW shape with the inclusion of DMI effects, we identified the
origin of the difference in DW speed for short and long pulse
duration widths.

2. Experimental section

2.1. Sample preparation

A series of Pt (5)/Gd,(FegsC015)100-(20)/SIN(10) films were
deposited by dc magnetron sputtering under an Ar pressure
of 0.2 Pa after the chamber was evacuated to a base pressure of
about 2 x 10°® torr. Here, the 5 nm-thick Pt underlayer
performed as a spin current source induced by the spin Hall
effect (SHE), providing a spin-orbit torque (SOT). To prevent
oxidization, a 10 nm-thick SiN layer was fabricated at the top of
the Gd,FeCoqg9_, layer. Here, the 5 nm-thick Pt underlayer
performed as a spin current source induced by the spin
Hall effect (SHE), providing a spin-orbit torque (SOT). The
GdFeCo alloy layers were deposited by co-sputtering FeCo
and Gd targets at room temperature. The magnetic wires
(3 pm wide and 125 pm long) and Hall crosses were micro-
fabricated by an electron-beam lithography (EBL) system and a
lift-off method.

2.2. Magnetic measurements

The composition of Gd and FeCo can be controlled by controlling
the sputtering power. The composition of the films was measured
by energy dispersive X-ray analysis (EDX). The Polar-magneto-

© 2022 The Author(s). Published by the Royal Society of Chemistry

optical Kerr effect (PMOKE) and vibrating sample magnetometer
(VSM) measured the magnetic properties at room temperature.
We measured the DW velocity in the GdFeCo wires by applying
single voltage pulses (picoseconds) and then observed the DW
motion using a Kerr microscope. The velocity of the DW was
determined by dividing the change in the position of the DW
(as viewed by the polar-magneto-optical Kerr effect (PMOKE)) by
the duration of the current pulse (Fig. 2(c)). Note that all measure-
ments were performed at room temperature.

3. Results and discussions

3.1. Design and sample characterization

We initially discerned the magnetic properties of Gd,(FeggC012)100_x
films. Fig. 1(a) exhibits the hysteresis loops that were measured
using the PMOKE at room temperature. The polarity of the
changes in Kerr rotation (k) signals between Gd,,(FeggCo1,)76
and Gd,s(FegsCo4,),5 samples was consistent with a transition
from being FeCo-dominated to being Gd-dominated in the
magnetic moment. Fig. 1(b) shows the M; and H.. of deposited
Gd,(FeggCo15)100_x films at different compositions. The satura-
tion magnetization (M) of Gd,(FeggC015)100—x reached its mag-
netization compensation composition at (xyc) ~24 at%. While
the My was minimum, the coercive fields reached their max-
imum at magnetic compensation composition."®*° The angular
momentum compensation composition (xayc) was determined
using the following equations:

M = Mga + Mgeco 0
_ _ Mga | Mreco . Mca | Mreco
A= Agat Areco = VGd * Treco  SGd4HB +g—FeC°“B @

n

where A; = M;i/y;, also M; (i = Gd or FeCo) is the magnetic
moment and y; = giugp/h is the corresponding g factor, and up and
h are the Bohr magnetron and Planck constants, respectively.
The g factor is ggq & 2.0 and greco & 2.16,"%2 hence, the xamc
was estimated to be xavc ~ 23, as indicated in Fig. 1(b). Fig. 1(c)
shows the polar Kerr magneto-optical images of the Pt/
Gd,(FeggCo15)100_x/SIN wire (see Fig. S1 for details, ESIT). The
DW velocities were determined by dividing the DW displacement
by the pulse duration using a general experimental method of
the CIDWM on Gd,(FeggC013)100_x Wires.

3.2. Current-induced domain wall motion

Fig. 2(a-e) shows the dependence of DW velocity as a function
of current density for Pt/Gd,(FeggCo1z)100_x/SIN wires

Mater. Adv,, 2022, 3, 7028-7036 | 7029
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(@) MOKE measurements as a function of perpendicular magnetic field for Gd,FeCo1g0_ films at room temperature. (b) Saturation magnetization

and coercivity as a function of Gd composition. (c) Configuration of domain wall (DW) motion in Gd,FeCog0_x Wire with consecutive current pulses.
A large external magnetic field along the out-of-plane was applied to saturate the magnetization and generate an up-down and/or down-up DW to
initiate DW propagation from the large contact pad area. The position of DW was displaced before and after applying a pulse current. Red and blue dotted
lines show the initial and the final position of DWs in the PMOKE image. The DW motion took place in the direction of the injected current.

(20 < x < 28) measured with a pulse duration of 30 and 3 ns,
respectively. In our study, the DW moved along the direction of
the pulse current, which can be supported by the spin-orbit
torque (SOT) in the heavy metal/ferrimagnet system.”>” Fig. 2(a—¢)
shows that the DW velocity increased by raising the J for all
Gd,(FeggCo015)100_» compositions. To exclude the contributions
from differences in threshold current densities between samples,
we concentrated on the flow region where the velocity and the
current density approximately satisfied a linear relationship. It
must be noted that a Walker breakdown phenomenon was not
observed in this system. Besides, the maximum DW velocity, ie.,
Vpw = 2000 m s~ ', was observed with a sample of Gd,(FegsC012)76
for 3 ns pulse duration without the application of an in-plane
external magnetic field, which is the fastest DW velocity yet in
comparison with the previous reports.®'>'® Consequently, the
method using an in-plane external magnetic field cannot be used
practically, because it causes data destruction."">'%*

Fig. 2(f) demonstrates that DW velocity is a function of Tb
and Gd concentration. So far, we have reported many papers on
the current-driven DW motion of TbCo magnetic wires, but the
DW velocity was as slow as 100 m s ' or less even if the
composition and structure were changed.*'*** The maximum
DW velocity, i.e., vpw = 1500 m s~ (>20 Gbps), appears at Xayc
point for Gd,s(FegsCoqs)76 with a short pulse current of
3 ns width.

To achieve a fast data rate of 20 Gbps, both the low current
density (/) and fast DW motion are required. Therefore, large
DW mobility, vpw//, is an important parameter. Upon the
comparison of our work with previous reports, it was clear that
the DW mobility in the GdFeCo sample is much higher than

7030 | Mater. Adv., 2022, 3, 7028-7036

5,7,8,11,15

that of other FM and FIM materials as shown in Fig. 2(h)
The DW mobility for 30 and 3 ns pulse widths was 33 x
107 m* At s ' and 88 x 107 '® m® A~* 5. These results open
a new window for technology to design a new type of racetrack
memory that has low power consumption and high-velocity
thermal stability.

In Gd,4(FegsCo4,)76 With 30 ns pulse width, we observed a
non-linear relationship between DW velocity and current den-
sity shown in Fig. 2(c). To clarify the J dependence of DW
velocity, we first determined the Ty of the Gd,(FeggC012)100_x
wires using the hysteresis loops at various temperatures (as
shown in the Fig. S2, ESIT). Using Tuc, the Tamc was evaluated
from eqn (S1)-(S4) of the ESLY In agreement with previous
reports, the DW velocity increases near the Tuyc."" Fig. 3(h)
shows that the Ty (green dots) and Ty (violet dots) are
different for each Gd,(FeggC012)100_» cOMposition. By increasing
the Gd concentration, Ty (green dots) and Ty (violet dots)
shifted toward the higher temperature.

Since an electric current was applied to the magnetic wire at
room temperature, Tavc Should present near room temperature
to achieve a high DW velocity. It can be considered that the DW
velocity of Gd,4(FegsCo1,),6 was the fastest in Fig. 2(f) because it
met this condition. Joule heat generation®>® can be taken into
account by applying a pulse current, nevertheless the longer the
pulse width (30 ns), the higher the Joule heat generation. When
the pulse width was 3 ns, the Joule heat generation was small,
and the temperature of the magnetic wire was close to Tamc as
shown by the blue cross mark in Fig. 2(h). Therefore, it is seen
that the DW velocity of the Gd,,(FegsCo1,);6 indicates the highest
for 3 ns pulse duration width. On the other hand, when the pulse

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a—e) Domain wall (DW) velocity as a function of the current density with pulse duration of 30 ns for Gd,FeCo10g_»/SiN wires (20 < x < 28), (f) DW

velocity as a function of current density with pulse duration 30, 3 ns for Gd,FeCo190_,/SiN wires (20 < x < 28), (g) a comparison of DW mobility in our
study with other reports, (h) summary of Ty and Tam as a function of Gd concentration. The Tamc was ~ 310 K for the Gdy4FeCo,¢ sample.

width was 30 ns, it was considered that the temperature of the
magnetic wire had risen to the vicinity of the orange cross mark
in Fig. 2(h). Therefore, the DW velocity was demonstrated to be
the slowest for the 30 ns pulse duration width. In consequence,
when the temperature of the magnetic wire was near the Tayc,
the DW velocity became faster and showed a linear tendency.
On the other hand, when the pulse duration width increased, the
temperature exceeded the Ty, therefore, the DW velocity
slowed down. Martinez et al. observed that the T = Tay relation-
ship between the DW velocity and the current became linear.
They also observed a threshold in the case of T > Tayc.”’
Therefore, it was seen that the threshold in Gd,,(FegsCo15)76 at
30 and 3 ns corresponded to T > Tamc and T = Tamc, respec-
tively. Therefore, the fast DW motion with linear dependency on

© 2022 The Author(s). Published by the Royal Society of Chemistry

the current density was obtained at 3 ns for Gd,4(FeggC012)76,
which corresponds to the theoretical report.

3.3. Pulse duration width dependence on the domain wall
motion

As discussed previously, the temperature can affect the magnetic
properties of ferrimagnetic materials.>® Fig. 3(a) shows the DW
velocity as a function of pulse duration for the Gd,4(FeggC013)76
magnetic wire. Similarly, fixing the current density and increas-
ing the pulse width should increase the DW displacement.
However, when the current density was fixed (J =1.7 X
10" A m™?) and the pulse width was increased as shown in
Fig. 3(a), the DW velocity became slower, contrary to the expecta-
tion; this expectation could be explained due to the Joule heating

Mater. Adv., 2022, 3, 7028-7036 | 7031
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(a) The domain—-wall (DW) velocity as a function of pulse duration; the inset shows DW displacement as a function of pulse number, the Vaw® <
(b) shows that when the pulse width was fixed, and the number of pulses was increased, the DW displacement distance was proportional to the

number of pulses, (c and d) temperature dependence measurement for GdCo (MIT result) and GdFeCo magnetic wire (our result). The open squares
(black) show our experimental results, while the colored circles denote previous work™ The highlighted part shows the industrial-grade wide

temperature for memory applications.

effect in the Gd,4(FeggCo4,)76 magnetic wire. It is well known that
the effect of Joule heating on the DW velocity can be clarified as
follows: When the applied current flows through the magnetic
wire, the temperature in the Gd,,(FegsCo45)6 layer rises, depending
on the pulse duration. However, increasing the sample temperature
with a higher pulse current duration drives the sample away
from the compensation region, and the DW velocity decreases.
By fixing the pulse width at 3 and 30 ns, the number of
pulses increases, and the DW displacement distance was
ideally proportional to the number of pulses as shown in
Fig. 3(b). The effect of the pulse duration width on DW velocity
was confirmed by temperature dependence measurement for
Gd,4(FegsCo1,)76 magnetic wire as shown in Fig. 3(c). Fig. 2(h)
shows that the Tyuc was estimated at 300 K for the
Gd,4(FegsCo4,)76 magnetic wire. Fig. 3(c) shows that the max-
imum DW velocity appeared at Tamc for Gd,s(FeggCo1z)s6
magnetic wire for both short and long pulse duration widths
of 3 and 30 ns, respectively.'® It seems that the short pulse
duration width of 3 ns retained the sample temperature close to
the Tamc, while the long pulse duration width of 30 ns drove the
sample away from the Tamc, therefore, the DW velocity
decreased. In our system, the change in DW velocity at Tamc
was not sharp, as we successfully reduced the input current

7032 | Mater. Adv., 2022, 3, 7028-7036

density about 10 times in comparison to the previous report,"*
which is in good agreement with the theoretical model.***¢>8
Consequently, the dependence of DW dynamics on both J
and pulse duration width provides an essential strategy for
designing racetrack devices based on ferrimagnets using both
low energy dissipation and fast operation speed, which is not
easy to achieve simultaneously.

3.4. Thermal stability of GdFeCo wire

The specification, “industrial-grade wide temperature”, was
ordinarily determined by the temperature range of 0 to
55 °C.>° We should note that defining a wide temperature
range for industrial memory applications is crucial. In addition,
our experimental data shows that fast and stable DW motion
occurs in a short pulse current. Fig. 3(d) shows the DW velocity
of the Gd,4(FegsCo15)76 as a function of operating temperature
for a pulse current of 3 ns as compared with GdCo magnetic
wire."* The DW speed obtained was stable between the tempera-
ture range of RT. < Top, < 70 °C for Gd,4(FeggCo,,);6 When the
pulse current of 3 ns was injected into the magnetic wire. It is
noted that Ty, is the stage temperature that was used for
temperature measurements. In addition, for a short pulse cur-
rent of 3 ns, the DW velocity remained relatively constant over

© 2022 The Author(s). Published by the Royal Society of Chemistry
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1200 m s~ ' between room temperature and 70 °C, which is
suitable for racetrack memories. A short pulse current of 3 ns
with low input current density (Jj ~ 10 A m %) showed a
broader and stable peak for ferrimagnetic magnetic wire sys-
tems, which was in good agreement with the theoretical
model.""""® In the theoretical and experimental model, a
sharp peak appeared at Tavc for large input current density
(J ~ 10" A m?). However, it can be seen that for small input
current density (/ ~ 10'* A m~?), a broad peak appeared around
Tamc, While the DW velocity was slow.'” We conclude that
fast and stable DW motion in a wide temperature range with
low current density (J ~ 10" A m~?) was observed in Pt/
Gd,4(FeggCo15);6 magnetic wire without the application of an
external in-plane magnetic field, which would be suitable for
racetrack memory devices.

3.5. Discussion

Generally, when the constant current density is applied, the DW
displacement is proportional to the application time of the
pulse current. This means that the DW speed is constant at any
pulse duration. However, we have observed a different result.
The DW speed with a pulse width of 3 ns was faster than 30 ns.

We performed an experimental and theoretical simulation
to clarify the mechanism of DW velocity for various pulse
duration widths. The observed polarized optical microscope
images are shown in Fig. 4(a and b) for 3 ns and 30 ns pulse
duration widths taken at room temperature. Fig. 4(a) shows
that the DW shape was straight for a short pulse duration width
of 3 ns, while it was rounded for 30 ns pulse duration width as
shown in Fig. 4(b). To confirm this finding, we performed a
micromagnetic simulation to observe the DW shape for different
pulse duration widths as shown in Fig. 4(c—f). Fig. 4(c and d)
show the DW shape at the initial state and after injecting a pulse
duration of 3 ns, respectively. The DW shape showed a tiny
change and a uniform motion when a short pulse duration width
of 3 ns was injected into the wire; afterward, the DW presented a
straight shape, which was consistent with our experimental
observations. This calculation assumed that the entire magnetic
wire had an anisotropic dispersion of 30%. Therefore, homo-
genous anisotropic dispersion could be driven by an electrical
current, while maintaining a straight DW shape at the recording
time. However, Fig. 4(e) indicated that if a 30 ns pulse current
was continuously applied to the wire, the straight DW structure
was disturbed. When the applied current was stopped at 30 ns, a
smoothing occurred to reduce the DW energy. The disordered
DW structure showed a rounded shape on the right side as
shown in Fig. 4(f), which was attributed to the absence of
magnetic film outside the wire edge, unevenness of the edge
portion, and non-uniformity of the magnetization state. Therefore,
the movement of the DW at the edge portion was slow, and the
DW was rounded. As a result of the LLG simulation, Fig. 4(e)
shows that the displacement of the DW after application of the
pulse current was 30 ns, which was only 6 times as compared to
that for 3 ns. These observations indicate that if the DW is driving
at a constant speed, the displacement should be 10 times longer,
however, the result exhibits an increase of merely 6 times.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Polarized optical microscope images of current-driven domain
wall (DW) shape at room temperature for (a) 3 ns, and (b) 30 ns pulse
duration width. Simulation results of DW shape, (c—f) for 3 ns and 30 ns
pulse duration width.

Thus, the DW velocity with a pulse width of 30 ns is about 60%
lower than that with 3 ns. As a result, the simulation supports the
experimental data that the DW velocity with a pulse width of 30 ns
is about half as compared with a pulse width of 3 ns. We infer that
the rounded shape of the DW is one of the causes of the slow DW
motion for a long pulse duration width. A theoretical study
showed that by narrow wire width, we might be able to prevent
the round shape of the DW, which is thought to be due to the
wide wire width of 3 um in this experiment as well.*°

To investigate the mechanism leading to this difference in velocity,
we schematically illustrate the DW shape in Fig. 5(a and b).
At 3 ns, the shape of the DW was orthogonal to the magnetic
wire, and a Neel wall was formed in the direction of the
magnetic wire, which is schematically shown in Fig. 5(a).
Therefore, it is considered that the spin currents flowing from
the Pt layer and the Neel wall were orthogonal to each other, so
SOT was efficiently generated and a high DW speed was
achieved. However, in the case of 30 ns, the DW shape appeared
to be rounded. Therefore, it was considered that the damping-
like effective field and the Neel DW were not orthogonal to each
other as shown schematically in Fig. 5(b), the efficiency of SOT
was reduced, and the DW speed was decreased.

A thermal calculation was performed to determine whether
a difference in DW shape was caused by the pulse width as
shown in Fig. 6(a). Since it is generally difficult to measure
the thermal conductivity of an ultrathin film, the values in
the reference paper were used for the thermal conductivity.
Therefore, although the absolute value was unknown, the
difference in heat distribution between when a pulse width of
30 ns was applied and when the pulse width was 3 ns can be
qualitatively discussed.

As can be seen from this calculation result, in the case of a
pulse width of 3 ns, the temperature difference between the

Mater. Adv., 2022, 3, 7028-7036 | 7033
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Fig. 5 Schematic illustration of the domain wall (DW) shape for (a) 3 ns and (b) 30 ns pulse duration width.

center of the magnetic wire and the wire edge was small. It was
considered that uniform DW motion was achieved at any DW
position. On the other hand, in the case of 30 ns, the tempera-
ture at the center of the DW was higher than that at the wire
edge. Therefore, since the DW energy at the center of the wire
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Simulation

335
325
315

TAMC
305

Estimated temperature (K)

295

(b) 1=1.4x10% (A/m?) (c) 1=1.4x10! (A/m?)
2000

A Down-up §3 ns

o Up%own

2000

A Down-Up

©O Up-Down

1600 1600

1200 1200

ey
8

DW velocity (m/s)
g
%&
@ ]
-
DW velocity (m/s)
g

S
(=3
(=]

o
o

200 0 200 200 0 200
H, (mT) H, (mT)

Fig. 6 (a) The estimated temperature profile calculation results of the
cross-section of the magnetic wire due to the Joule heat when a pulse
current was applied to the magnetic wire. The orange dot shows the result
of the pulse current application time of 30 ns, and the blue dot shows that
of 3 ns. Domain wall (DW) velocity as a function of an external in-plane
field (H,) along the wire for (b) 3 ns and (c) 30 ns pulse duration width.
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was lower than that at the wire edge, the DW at the center of the
magnetic wire moved faster than the edge portion. Therefore, it
is estimated that the DW shape was rounded. Due to this DW
shape, it was considered that the longer the pulse width, the
lower the DW moving speed.

The DW shape should affect the DMI magnetic field. Therefore,
to obtain a quantitative determination of the effective DMI field
(Hpwmr), we extracted the crossing fields for the 3 and 30 ns pulse
widths as shown in Fig. 6(b and c¢) and summarized in Table 2. We
could estimate the interfacial DMI coefficient of our sample for
different pulse duration widths using the formula:

D

Hpyi = ~——— 3
DMI Ms,qu ( )

where 19, Ms, Hppr, and A are vacuum permeability, saturation
magnetization, effective DMI field, and DW width, respectively.
When the pulse width was 30 ns, the DMI magnetic field was
122 mT, and the DW speed was 528 m s~ . The value of D was
~0.12 mJ m~2 On the other hand, in the case of 3 ns, the DMI
magnetic field was 243 mT, the DW speed was 1033 m s, and the
value of D was obtained to be ~0.23 mJ m 2. The estimated DMI
values were comparable to the values reported in Pt/ferromagnet
systems and Pt/ferrimagnet systems.""*"*>

The DMI ratio and the DW velocity ratio at 3 and 30 ns were
doubled, indicating a strong correlation between DMI and DW speed.
The inclination in Fig. 6(b and c) is due to the spin Hall effect, but the
tendency is the same in both cases. The decisive difference is due to
DM, which is attributable to the shape of the DW driven by the

Table 2 A summary of the details regarding the GdFeCo magnetic wire
for 3 and 30 ns pulse duration width

Pulse Current DW velocity

duration (ns)  density(Am™2) (ms ')H,=0  DMI field (mT)
3 1.4 x 10" 1033 243

30 1.4 x 10" 528 122

© 2022 The Author(s). Published by the Royal Society of Chemistry
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current. These results highlight the unique feature of the effect of the
measurement method on current-driven DW motion.

4. Conclusion

In summary, in a compensated ferrimagnetic magnetic wire, we
achieved fast DW motion (vpw > 1200 m s ') in a wide
temperature range from 270 to 350 K. We have experimentally
demonstrated and theoretically explained that a short pulse
current of 3 ns is more stable and faster than a long pulse width
of 30 ns. The mechanism leading to the difference in DW
speeds was clarified by experimental observation of the DW
shape with the inclusion of DMI effects. Therefore, we pre-
sented that pulse duration width may be impacted by the DW
shape, therefore, at 3 ns, the shape of the DW was orthogonal to
the magnetic wire, and a Neel wall was formed in the direction
of the magnetic wire. Accordingly, the damping-like effective
field and the Neel DW were orthogonal to each other so that
SOT was efficiently generated and a fast DW speed was dis-
cerned; the pattern was opposite for 30 ns pulse duration width
due to the rounded DW wall shape. Therefore, our findings
provide a basis for achieving low power and fast speed by
choosing the appropriate current pulse density, and thus invigo-
rate research toward the development of memory applications.
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