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Abstract: Current-induced domain wall motion (CIDWM) in magnetic wires can be driven by spin
transfer torque (STT) originating from transferring angular momentums of spin-polarized conducting
electrons to the magnetic DW and can be driven by spin orbit torque (SOT) originating from the spin
Hall effect (SHE) in a heavy metal layer and Dzyaloshinsky Moriya (DMI) generated at an interface
between a heavy metal layer and a magnetic layer. In this work, we carried out a comparative study
of CIDWM driven by STT and by SOT in ferrimagnetic GdFeCo wires with magnetic perpendicular
anisotropy based on structures of SiN (10 nm)/GdFeCo (8 nm)/SiN (10 nm) and Pt (5 nm)/GdFeCo
(8 nm)/SiN (10 nm). We found that CIDWM driven by SOT exhibited a much lower critical current
density (JC), and much higher DW mobility (µDW). Our work might be useful for the realization and
the development of low-power and high-speed memory devices.

Keywords: current-induced domain wall motion; ferrimagnets; spin transfer torque; spin orbit torque

1. Introduction

Current-induced domain wall motion (CIDWM) in magnetic wires has attracted much
attention in the spintronic field over the past decade due to its potential applications such
as magnetic memory and logic devices [1–5]. In particular, novel magnetic memory is
so-called race-track memory, where digital data are stored in DWs in the magnetic wires [6].
To realize a magnetic memory with low power consumption and high operation speed,
a fast CIDWM at a low current density is required. Initial studies were mainly focused
on magnetic wires with in-plane anisotropy, typically NiFe wires [7–9]. Then, interest
was devoted to magnetic wires with perpendicular anisotropy such as Co/Ni and Co/Pt
wires [10–14] because magnetic wires with perpendicular anisotropy possess narrower
DWs, which is preferable for high-density magnetic storage. CIDWM can be driven by spin
transfer torque (STT) originating from transferring angular momentums of spin-polarized
conducting electrons to DWs and can be driven by spin orbit torque (SOT) originating from
the spin Hall effect (SHE) in a heavy metal layer and Dzyaloshinsky Moriya interaction
(DMI) generated at an interface between a heavy metal layer and a magnetic layer. In
addition, STT only can drive the DWs against the current–flow direction, while SOT can
drive the DWs against and along the current–flow direction [15–19].

Lately, CIDWM in rare-earth transition metal (RE-TM)-based ferrimagnetic wires with
magnetic perpendicular anisotropy (PMA) has been extensively investigated because fast
DW dynamic at the angular momentum compensation point has been observed in these
ferrimagnetic wires [20–24]. In fact, the ferrimagnetic material has exhibited higher DW
mobilities compared to other magnetic materials [20–23]. Although field assisted CIDWM
driven by STT and CIDWM driven by SOT in ferrimagnetic GdFeCo wires have been well
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studied in earlier works [23,25,26], there is still no report on a comparison of CIDWM
driven by STT and driven by SOT in such ferrimagnetic GdFeCo wires.

For this work, we have performed a comparative study of CIDWM driven by STT and
driven by SOT in ferrimagnetic GdFeCo wires based on structures of SiN (10 nm)/GdFeCo
(8 nm)/SiN (10 nm) and Pt (5 nm)/GdFeCo (8 nm)/SiN (10 nm). Our results have identified
that DW motion driven by SOT exhibited much lower critical current density and higher
DW mobility. Moreover, this study has highlighted the essential role of the heavy metal
layer for realizing CIDWM with a low critical current density and high DW mobility in
ferrimagnetic GdFeCo wires.

2. Materials and Methods

Multilayers with structures of SiN (10 nm)/GdFeCo (8 nm)/SiN (10 nm) and Pt (5 nm)/
GdFeCo (8 nm)/SiN (10 nm) were deposited on thermally oxidized silicon substrates by dc
and rf magnetron sputtering at a base pressure of ~3 × 10−8 Torr. The sample structure
is illustrated in Figure 1. Here, SiN is used as a seed layer and a capping layer. The Pt
heavy metal layer works as a spin current source induced by the spin Hall effect (SHE),
which can provide a spin torque that drives the chiral Néel walls stabilized by the DMI
at the Pt/GdFeCo interface. The GdFeCo layers were fabricated by co-sputtering from
Gd and Fe75Co25 targets. The composition of the GdFeCo alloy layer estimated from
calibrated sputtering rates is Gd26Fe55.5Co18.5. Patterned wires, 3 µm wide and 75 µm
long, were fabricated using electron-beam lithography and the lift-off technique. The
magnetic properties of the samples were characterized by anomalous Hall resistance
measurement for the GdFeCo wires and vibrating sample magnetometer (VSM) for the
GdFeCo films. The motion of DW in the GdFeCo wires was driven by single voltage pulses
and directly observed using polar Kerr microscopy. All measurements were carried out at
room temperature.
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detected from the other Hall bar under various external perpendicular magnetic fields. 
Anomalous Hall resistances were obtained from the detected Hall voltages divided by the 
applied current. The normalized hysteresis loops of the anomalous Hall resistances for 
the SiN/GdFeCo and Pt/GdFeCo wires are shown in Figure 2b. Rectangular hysteresis 
loops were obtained for the GdFeCo wires, clearly indicating a PMA of the wires. The 
coercive fields (HC) were found to be ∼19 mT for the SiN/GdFeCo wire and ∼28 mT for the 
Pt/GdFeCo wire. The saturation magnetizations (MS) of the SiN/GdFeCo and Pt/GdFeCo 
films measured by the VSM are ∼3.3 × 104 A/m and ∼3.8 × 104 A/m, respectively. 

Figure 1. Schematic illustration of multilayered films with structures of (a) SiN (10 nm)/GdFeCo
(8 nm)/SiN (10 nm); (b) Pt (5 nm)/GdFeCo (8 nm)/SiN (10 nm) deposited on a thermally oxidized
silicon substrate.

3. Results and Discussion

Figure 2a shows a schematic illustration for measuring anomalous Hall resistances in
the GdFeCo wires. A dc current of 1 mA was applied to the Hall bar. Hall voltages were
detected from the other Hall bar under various external perpendicular magnetic fields.
Anomalous Hall resistances were obtained from the detected Hall voltages divided by the
applied current. The normalized hysteresis loops of the anomalous Hall resistances for
the SiN/GdFeCo and Pt/GdFeCo wires are shown in Figure 2b. Rectangular hysteresis
loops were obtained for the GdFeCo wires, clearly indicating a PMA of the wires. The
coercive fields (HC) were found to be ~19 mT for the SiN/GdFeCo wire and ~28 mT for the
Pt/GdFeCo wire. The saturation magnetizations (MS) of the SiN/GdFeCo and Pt/GdFeCo
films measured by the VSM are ~3.3 × 104 A/m and ~3.8 × 104 A/m, respectively.
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magnetic field (H).

We performed measurement of CIDWM in the SiN/GdFeCo and Pt/GdFeCo wires
similarly to our earlier works [18,19,23]. An external out-of-plane magnetic field with
amplitude much larger than the HC of the GdFeCo wire was applied to saturate the wire
magnetization. Then the magnetic field was gradually decreased and reversed its direction.
By adjusting the amplitude of magnetic field precisely, a DW was nucleated in the wire.
After nucleating and positioning the DW in the wire, the magnetic field was turned off.
Next, the DW was displaced by applying a single voltage pulse to the wire, and the DW
displacement was observed by polar Kerr microscopy. Current densities applied to the
wire were calculated from the applied voltages, a measured value of wire resistance and
the wire size. The measurement was repeated 5 times for each current density. The DW
displacements in the wire were estimated using Kerr images in a differential mode. The DW
velocity was calculated as ratio of the DW displacement/pulse width of applied voltage.
Figure 3a,b present Kerr images before and after injecting a 100 ns-wide pulse current
density of 4.3 × 1011A/m2 and 2.4 × 1011A/m2 into the SiN/GdFeCo and Pt/GdFeCo
wires, respectively, as well as in a differential mode. Such images are typical examples
for the observation of CIDWM in our samples. The Kerr images obviously show that the
DW moved against the current direction for the SiN/GdFeCo wire and along the current
direction for the Pt/GdFeCo wire, which indicates that STT drives DW motion for the
SiN/GdFeCo wire and SOT drives DW motion for the Pt/GdFeCo wire [15–19].

STT is caused by a spin current inside the magnetic layer. In STT mechanism, when a
spin-polarized electron current flows through the DW, the spin polarization direction of
conducting electrons is aligned towards the magnetization of the DW due to the exchange
interaction. Since the total spin momentum is conserved, spin angular momentum must
be transferred to the magnetization of the DW, resulting in a torque called STT acting on
the DW and displacing the DW along the electron flow (against the current flow) [27–29].
Unlike STT, SOT is rooted from a spin current induced by the spin Hall effect in the heavy
metal layer. When an electrical current flows through the heavy metal/magnetic bilayer
wire with the Néel DW, the spin current from the heavy metal layer diffuses into the
magnetic layer, acting as a form of torque called SOT on the Néel DW. The direction of the
DW motion depends on the sign of the spin Hall angle of the heavy metal layer as well as
the chirality of the Néel DW. For the Pt/GdFeCo wire, the Pt has a positive spin Hall angle.
Therefore, the DW is moved along the current flow when it is a left-handed chiral Néel
DW [15,30,31].
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Figure 3. Polar Kerr images for observation of CIDWM in (a) the SiN/GdFeCo wire, (b) the
Pt/GdFeCo wire. Upper images indicate the initial position of the DW as marked by the verti-
cal dotted line. Middle images indicate the position of the DW as marked by the vertical dotted line
after injecting a 100 ns-wide pulse current density of 4.3 × 1011A/m2 and 2.4 × 1011A/m2 to the
SiN/GdFeCo and Pt/GdFeCo wires, respectively. Lower images are Kerr images in a differential
mode, indicating the DW displacement.

In our experiment, we measured CIDWM in SiN/GdFeCo and Pt/GdFeCo wires
by applying single-voltage pulses with a duration of 100 ns to the wires. Thus, the DW
velocity was calculated as a DW displacement/100 ns. The DW velocity as a function of
current density (J) for the SiN/GdFeCo and Pt/GdFeCo wires is summarized in Figure 4.
As shown in Figure 4, the DW motion direction is opposite to the current direction for
the SiN/GdFeCo wire and is the same as the current direction for the Pt/GdFeCo wire
with all measured current densities. Note that the DW velocity is defined as positive
when the DW direction is the same as the current direction. The maximum J that can be
applied to the SiN/GdFeCo and Pt/GdFeCo wires for the observation of DW motion is
almost similar (~4 × 1011 A/m2). Nucleation of new domains starts to occur for current
densities that are higher than the maximum current density, which may be due to current-
induced weakening of the perpendicular anisotropy [21,32]. Remarkably, the critical current
density (JC), defined as the lowest applied current to induce DW motion in the Pt/GFeCo
wire (JC~1 × 1011 A/m2), is about 3 times smaller than that of the SiN/GdFeCo wire
(JC~3 × 1011 A/m2). In addition, the maximum DW velocity obtained for the Pt/GdFeCo
wire is much higher than that for the SiN/GdFeCo wire at almost the same applied current
density (J~4 × 1011 A/m2). Next, DW mobility (µDW = DW velocity/current density) was
estimated by fitting a linear line of the DW velocity vs. the current density. Here, the fitted
data are in a measured current density range from ~3 × 1011 A/m2 to ~4.3 × 1011 A/m2

because DW motion is observed for both wires in this current density range. Estimated
values of µDW are ~22 × 10−10 m3/S·A for the Pt/GdFeCo wire, and ~−2.5 × 10−10 m3/s·A
for the SiN/GdFeCo wire. These results demonstrate that CIDWM driven by SOT has
much greater efficiency than that driven by STT in the GdFeCo wire.
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It should be noted that the JC for CIDWM driven by STT in Pt (2 nm)/TbFeCo (8 nm)/
Pt (2 nm) wire is smaller for that driven by SOT in SiO2/TbFeCo (8 nm)/Pt (2 nm) wire
as observed in ref. [18], namely, JC = ~1 × 1011 A/m2 and ~1.3 × 1011 A/m2 for CIDWM
driven by STT and the one driven by SOT in the TbFeCo wire, respectively. However,
the observed speed of the DW motion becomes faster for CIDWM driven by SOT in the
high-current density range for this TbFeCo wire. It suggests that the DW motion driven
by SOT in the TbFeCo/Pt wire is more effective in the high-current density range. On the
other hand, the DW motion driven by STT in the Pt/TbFeCo/Pt wire is more effective in
the low current density range where the DW begins to move, which may be due to the
influence of heat from the upper and lower Pt layers.

To evaluate effective DMI field (HDMI) and DMI constant (D) for the Pt/GdFeCo wire,
we measured CIDWM in the GdFeCo wire under various longitudinal in-plane magnetic
fields (HX). It is reported that when the Néel DW stabilized by the DMI is displaced
by the current under HX, the DW velocity has a linear relationship with the magnitude
of |HX + HDMI| [15–17,33]. The DW velocity increases when HX has the same sign as
HDMI. When HX and HDMI have opposite directions, then |HX + HDMI| decreases, and
the DW velocity decreases. If HX = −HDMI, the DW does not move. Furthermore, the
direction of the DW motion can be changed if HX is larger than HDMI and their directions
are opposite. Such a linear relationship is also observed in the Pt/GdFeCo wire. Thus, HDMI
was estimated by plotting the linear lines as shown in Figure 5. The estimated magnitude of
HDMI is ~236 mT. From the estimated HDMI, D is calculated from the following expression:
D = µOMSHDMI
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Figure 5. DW velocity as a function of the longitudinal in-plane magnetic field (HX) of the Pt/GdFeCo
wire under a current density of 2.1 × 1011 A/m2. Circle and triangle symbols represent ↓↑ and ↑↓
DWs, respectively. Error bar represents the standard deviation of 5 independent measurements of
DW velocity.

Table 1. Summary of estimated values of critical current density-JC and DW mobility-µDW for this
work and some previous works on other RE-TMs-based ferrimagnetic wires.

Sample
Structure JC (×1011 A/m2)

µDW
(×10−10 m3/S·A) Mechanism Reference

SiN/GdFeCo/SiN ~3 ~−2.5 STT This work

Pt/GdFeCo/SiN ~1 ~22 SOT This work

SiO2/TbFeCo/Pt ~1.3 - SOT 18

Pt/TbFeCo/Pt ~1 - STT 18

Pt/TbCo/SiN 2.2–2.7 ~5 SOT 21

Pt/GdCo/TaOx 3–6 ~6.5 SOT 22

4. Conclusions

We have studied a comparison of CIDWM driven by STT in SiN (10 nm)/GdFeCo (8 nm)/
SiN (10 nm) wire and driven by SOT in the Pt (5 nm)/GdFeCo (8 nm)/SiN (10 nm) wire.
It was found that CIDWM driven by SOT in the Pt/GdFeCo wire revealed nearly 3 times
smaller in the value of JC and 9 times larger in the value of µDW than CIDWM driven by STT
in the SiN/GdFeCo wire. Our work might be useful for the realization and the development
of low-power and high-speed memory devices based on CIDWM in ferrimagnetic wires.
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