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The spin-orbit-torque (SOT) device is a promising candidate for the next-generation magnetic random-
access memory; however, the static in-plane field needed to induce deterministic switching is a main
obstacle for its application in circuits. In this work, we employ the exchange coupling between the
Co/Ni/Co trilayer and Tb/Co multilayers in a device to form the domain wall (DW), by whose current-
driven propagation the field-free magnetization switching is achieved. The SOT efficiency of the device
is highly dependent on the chirality of the Néel-type DW. Meanwhile, the coexistence of two switching
modes results in an asymmetric switching phase diagram. We find the competition between the uniform
external field and the Dzyaloshinskii–Moriya interaction induces negative feedback to the pinning effect,
resulting in a sharp switching process and straight DW profile. Finally, a synthetic antiferromagnetic
device is investigated by experiment and micromagnetic simulation to verify the feasibility of using this
proposal as the free layer of a magnetic tunneling junction.
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I. INTRODUCTION

Manipulating the magnetization by the spin-orbit torque
(SOT) in heavy-metal/ferromagnet (HM/FM) systems is a
promising mechanism for magnetic random-access mem-
ory (MRAM) application [1–3]. The accumulation of
polarized spins at the HM/FM interface originated from the
spin-Hall effect (SHE) generates Slonczewski-like torque,
which enables magnetization switching by in-plane cur-
rent in a three-terminal device. Compared to two-terminal
device, in SOT MRAM, the risk of breakdown through
the MgO tunnel layer is eliminated. Moreover, the switch-
ing efficiency of a SOT MRAM can be further enhanced
by increasing the spin Hall angle [4,5] and the inter-
face transparency [6–10]. These potentials make SOT very
promising for next-generation magnetic memory.

However, the requirement of a static in-plane field
hinders SOT MRAM from being practicable, since the
external field is not applicable in integrated circuits. This
problem was first issued by a macro-spin model [2], which
shows that the SOT does not favor a certain magnetization
direction without the aid of the static in-plane field parallel
to the current direction. Further investigation emphasized
more on the Dzyaloshinskii-Moriya interaction (DMI)
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which universally exists at HM/FM interfaces with large
spin-orbit coupling [11]. DMI favors a homochiral Néel-
type domain wall (DW), which makes the SOT generate
a zero net driving force for the expansion of an enclosed
domain nucleation center. An in-plane field applied par-
allel to the current direction can help break the chirality
and make the expansion possible. The minimum in-plane
field needed is calculated to be around 10%–25% of the
effective DMI field (H DM) in a Pt/Co/MgO system [12].
An intuitive solution to this problem is replacing the
external field by an effective field. Different forms of effec-
tive fields such as exchange bias [13–15], noncollinear
interlayer exchange coupling (IEC) [16–18], gradient mag-
netic anisotropy [19,20], Rashba field [21], or spin-transfer
torque [22] have been employed to replace the in-plane
field.

Alternatively, the motion of the homochiral Néel-type
DW driven by current-generated SOT can be utilized to
achieve the deterministic switching of magnetization in
a way similar to the racetrack devices [23–25]. The core
issue of this idea is how to get reliable DW sources for
both magnetization directions. Using stray field induced by
additional magnetic components [26] or DW pinning by
geometry effect [27,28] can fix the magnetization in oppo-
site directions at the two ends of the current channel and
results in a stable DW. However, these solutions are either
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too complex for manufacture or hard to realize when the
device size shrinks to tens of nanometers.

In this work, we studied field-free magnetization switch-
ing assisted by interlayer-coupling induced DW. Based
on our previous work [29], a Ru/Pt bilayer is employed
to connect Tb/Co pinning layers and a Co/Ni/Co tri-
layer by Ruderman-Kittel-Kasuya-Yosida (RKKY) cou-
pling. Deterministic current-driven switching is achieved
once the magnetizations of the Tb/Co pinning layers are
set by the field. The strong RKKY coupling makes it
possible to investigate the switching mechanism under
competition between the DMI and the external field.
Finally, a synthetic antiferromagnet (SAF) structure is
fabricated to prove the possibility of achieving magnetic
tunneling junction (MTJ) in this design. The geometry-
independent nature and compatibility with manufacture
make this device design promising in practical and future
spintronic research.

II. EXPERIMENTAL DETAILS

The structure and main fabrication procedure of the
device are shown in Fig. 1(a). Stacks of Ta(2)/Pt(4)/Co
(0.3)/Ni(0.6)/Co(0.3)/Ru(0.7)/Pt(0.3) (thicknesses given
in nm) are deposited on a thermally oxidized Si(001)

substrate by dc magnetron sputtering under a base vac-
uum lower than 4.0× 10−7 Torr. A silica layer thick-
ness of 50 nm is chosen to avoid unwanted domain
nucleation induced by Joule heating of the current [30].
The inert Ru/Pt capping layer with total thickness of

1 nm is employed to prevent oxidization of the Co/Ni/Co
trilayer. For the FM layer deposited in the subsequent
procedure, the 0.7-nm-thick Ru ensures antiferromagnetic
(AFM) RKKY coupling [31] with the Co/Ni/Co trilayer,
and the 0.3-nm-thick Pt enhances the perpendicular mag-
netic anisotropy (PMA) [32,33]. During the deposition,
the Ar pressure is 2 mTorr and all the deposition rates
are among 0.02 to 0.04 nm s−1. Measurement on a super-
conducting quantum interference device (SQUID) mag-
netometer shows that the Co/Ni/Co trilayer has a satura-
tion magnetization (Ms) of 750 kA m−1 and an effective
out-of-plane anisotropy field µ0Hkeff= 890 mT. To form
the patterns, standard ultraviolet lithography technology
is employed. The first pinning layer (Pad1) has the con-
figuration Co(0.8)/[Tb(1)/Co(0.7)]8/Ru(2)/Au(10) and
the second pinning layer (Pad2) has the configuration
Co(0.8)/[Tb(0.7)/Co(0.7)]8/Ru(2)/Au(10). The purpose
of the thick gold layer is to induce a current large enough
to keep the magnetization of the coupled areas stable,
and 2 nm of Ru is inserted between the TbCo multi-
layer and the Au layer to isolate possible SOT generated
by the Au. The sample is cleaned by rf oxygen plasma
for 20 s after development of the photoresist to ensure
good contact between the Pt and Co for RKKY cou-
pling. Finally, the stack is patterned by Ar ion etching
into the Hall bar with a 10-µm-wide current channel and
a Ti(10)/Au(100) electric pad is deposited on the Hall
bar [see Fig. 1(b)]. On the same chip, Hall bars with-
out the pinning layers are also made as the reference
devices.

(a) (b)

(c) (d)

FIG. 1. Structure and magnetic
properties of the device. (a) Struc-
ture, composition, and the process-
ing procedure of the device: 1,
deposition of the expanding cen-
tral stack; 2 and 3, deposition of
the two pads by lift-off method;
4, patterning of the Hall bar by
Ar+ ion etching (thickness in nm).
(b) Photography and transporta-
tion measuring configuration of the
device. (c) RH vs Hz loops of
Pad1 (orange squares) and Pad2
(purple circles). The arrows indi-
cate the magnetization configura-
tion at different stages (red for net
magnetization of Tb/Co and blue
for that of Co/Ni/Co). The open
symbols show the minor loops
of the exchange-coupled Co/Ni/Co
trilayer. The inset shows the cor-
responding MOKE signals. (d) RH
vs Hz loops measured at the cen-
tral cross after different configu-
rations of setting field. Loops are
staggered along the z axis.
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The electric current is injected into the main channel of
the device by an Agilent 32 200 signal generator through a
10 MHz bandwidth bipolar amplifier. A sinusoidal current
of 0.2 mA is applied and the differential anomalous Hall
resistance RH of the device is measured using a Stanford
SR830 Lock-in amplifier. The current-driven switching
loops are achieved by switching the current to pulses (Ip )
with a duration of 1 ms. A home-made magneto-optical
Kerr (MOKE) microscope illuminated by a 532-nm light-
emitting diode is employed to characterize the domain dis-
tribution. The loop-shift method is applied to evaluate the
SOT effective field [34]. All measurements and applied-
field directions follow the geometry noted in Fig. 1(b).

III. RESULTS AND DISCUSSION

A. Initialization of the magnetization

The RH values obtained from Pad1 and Pad2 versus Hz
are shown in Fig. 1(c). Both sets of loops exhibit sharp
signal reversals in the first and third quadrants, which is a
typical feature of antiferromagnetic RKKY coupling. The
small RH steps found in the central part of the RH -Hz
loops come from the switching of the magnetization of the
central cross of the Hall bar. To distinguish the signal of
the Co/Ni/Co trilayer from that of the Tb/Co multilayers,
MOKE measurements are carried out, as shown in the inset
of Fig. 1(c). Since the MOKE signal is highly sensitive to
the depth of the magnetic layer, it is clear that the relatively
weakened signals originate from the Co/Ni/Co trilayer,
which is covered by the Tb/Co multilayers. The minor
loops of the Co/Ni/Co trilayer show an exchange field of
µ0H ex= 190 mT for Pad1 and 176 mT for Pad2, corre-
sponding to RKKY coupling ARu= 1.71 and 1.58 mJ m−2,
respectively. The magnetization configurations at different
stages of the loops are indicated by the arrows shown in
Fig. 1(c). The reversal sequence is attributed to the large
out-of-plane anisotropy and partly compensated magneti-
zation of the Tb/Co multilayers. Since the Tb/Co multi-
layers used here are Co rich, the larger Tb ratio of Pad1
makes its coercivity larger than that of Pad2. Notably,
if the multilayer is Tb rich, the coupling between the
Co/Tb multilayers and Co/Ni/Co trilayer will be FM like
since the RKKY coupling is dominated by 3d electrons
of transitional FM metal rather than the more localized
4f electrons of rare-earth elements (see Note 1 within the
Supplemental Material) [35,36].

The different coercivities of the two pads offer a window
for manipulating the remanence states of the Co/Ni/Co
trilayer in the two coupled areas by different configura-
tions of setting field. RH -µ0Hz loops of the central cross
acquired for four different configurations of setting field
are represented in Fig.1(d). The loops measured after a sin-
gle setting field of µ0Hz =±600 mT show obvious biased
behavior corresponding to the polarity of the setting field.
This bias can be eliminated by adding a setting field of

|µ0Hz| = 200 mT that is opposite to the initial setting field
of 600 mT. The amplitude of the second setting field is
between the coercivity of the two pads, arranging the
magnetization of the two pads into opposite directions.
The creation and elimination of the biases imply that the
coupled Co/Ni/Co trilayer helps the magnetization switch-
ing in the central cross by offering DW motion which
usually has a lower energy barrier than the domain nucle-
ation. Hereafter, the remanence state after +600 mT and
−200 mT setting field is called “State I,” while that after
−600 mT and+200 mT magnetization is called “State II.”

B. Field-free switching

Figures 2(a) and 2(b) show the current-driven mag-
netization switching in the absence of an external field.
For both states, the distance between two RH values at
Ip = 0 is the same as the one shown in Fig. 1(d), mak-
ing it credible that the magnetization of the central cross
is fully switched during the current-driven process. Based
on resistance measurements on a sample with a wedged Pt
layer, it is estimated that 76% of the total current is chan-
neled through the Pt layer, and thus the average critical
current (I cri) of 15.7 mA corresponds to a current den-
sity of 2.98× 1011 A m−2. Differential MOKE images are
attached to the loops to show the domain structure during
the current-driven switching sequence. In the case of State
I, as shown in Fig. 2(a), the reversal domain appears at the
boundary of Pad2 at Ip = 10 mA. During the expansion of
the reversal domain, the DW shows a curved profile with a
central peak, implying that a strong pinning effect exists in
the device, especially at the edges of the current channel.
This pinning effect will be discussed in detail in Sec. III E.
Changing the configuration of the setting field to State
II, as shown in Fig. 2(b), the magnetization can still be
switched at the same amplitude of I cri while the switching
polarity is opposite. The domain always expands from the
coupled area with the corresponding magnetization direc-
tion, soundly indicating that the pads are the source of the
reversal domain.

As depicted by the schematic illustrations in Figs. 2(c)
and 2(d), the coupled areas guarantee an up-down (↑↓)
DW at State I or down-up (↓↑) DW at State II. The key
to determine the switching polarity is the in-plane com-
ponent mDW of the Néel-type DW, which is stabilized by
DMI in this case. Considering that the direction of SHE
induced SOT is determined by m× (σ ×m) [2,25], where
m is the magnetic moment and σ the spin accumulation
along the y axis generated by the SHE, the direction of
mDW can be determined to be → at State I and ← at
State II, indicating an anti-clock chirality. This is consis-
tent with the reported chirality of the Co/Ni/Co trilayer
[24,37] with Pt underlayer. Since this switching mode
depends on the DW motion, we call it “DW motion mode,”
and we will call the traditional switching with aid of
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(a) (b)

(c) (d)

FIG. 2. Field-free switching
assisted by DWs. (a),(b) Field-
free current-driven switching
RH vs Ip loop measured in State
I (a) and State II (b) with MOKE
images taken for the labeled
current. (c), (d) Schematic
illustrations of the moment
configuration of the Co/Ni/Co
trilayer in State I (c) and State
II (d) at the moments that the
DWs tend to move along with
the current direction labeled
by black arrows. The different
colors represent up (red), down
(blue), and chiral rotation
(green) of magnetic moment.
The hollow rectangles contain
net magnetization of the Pad1
(purple) and Pad2 (orange).

µ0Hx “nucleation-expansion mode” in order to distinguish
between them.

C. Behaviors under field I: SOT efficiency
measurement

To investigate the different behavior of the two switch-
ing modes, we measure the effective field generated by
the SOT-induced loop-shift method for both the DW-
assisted device and the reference Hall bar [34,38,39]. In
this method, collinear static magnetic field µ0Hx and bias
current (Ib) are applied to the Hall bar during the mea-
surement of RH versus scanning µ0Hz. The expansion of
the reversal domain is assisted or suppressed by the SOT,
depending on the related directions of Ib, µ0Hx, and µ0Hz,
resulting in a loop shift which represents the effective

field of the Slonczewski-like torque (µ0H SL). The slope
of linear fitting derived from the relationship between
the current densities and the loop shifts represents the
conversion efficiency χ from the electric current to SOT
effective field. Because of the large coercivity of the Tb/Co
ferrimagnet and the strong shunting effect of the highly
conductive capping layer [18], the measurement of loop
shift is carried out for the DW-assisted device without the
risk of erasing the DW.

Since the field-free switching is achieved, it is not odd
to see loops of the DW-assisted device shifted by direct
current at zero field as shown in Fig. 3(a). The shift direc-
tions conform to the loop polarity shown in Fig. 2(a) and
the amplitude of the shifts corresponds to the effective
field generated by the direct current. The χ -µ0Hx curves

(a) (b)

FIG. 3. SOT efficiency measured by the loop-shift method. (a) RH vs Hz loops of the central area measured at zero field in State
I with different bias currents. MOKE images indicate the DW profile during the switching process. Loops are staggered along the
z-axis. (b) χ -Hx curves of the DW-assisted device measured at State I (blue diamonds), State II (red triangles), and the χ -µ0Hx of the
reference device (black circles). The error bars refer to the standard deviation of linear fitting of χ .
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of both the DW-assisted device and the reference Hall bar
are presented in Fig. 3(b). For the DW-assisted device, two
states show opposite χ values at µ0Hx = 0 mT. Around
±300 mT, all three curves saturate at a |χ | value of
3.6 mT/1011 A m−2. From the |χ | value an effective spin-
Hall angle ξSH= 0.1 can be deduced by the relationship
[40] µ0H SL= -hξSH|jc|/(2|e|Mst), where -h is the reduced
Planck constant, jc the charge current density, e the electron
charge, Ms the saturated magnetization, and t the thickness
of the FM layer. This value is comparable to the value 0.15
reported in the previous work [34] and 0.2 measured by the
1f-2f harmonic method (see Note 2 within the Supplemen-
tal Material) [35,41,42]. The same conversion efficiency
reflects that the loop shift of the two devices has the same
dependence on the DW-driven force induced by SOT.

The biggest differences between these three curves are
their different crossing points on the µ0Hx axis, which indi-
cate vanishing SOT efficiency. For the reference Hall bar,
the crossing point is positioned very close to the origi-
nal point. For the two states of the DW-assisted device,
the crossing points are positioned on opposite sides of the

µ0Hx axis, with the same distance of |µ0Hx| = 154 mT
away from the original point. Notably, the χ -µ0Hx curve
of the reference Hall bar also saturates around this value.
The saturation of a conventional χ -µ0Hx curve implies that
the chirality of an enclosed domain wall is destroyed by
the external field. Hence, this coincidence means that the
assisted-DW loses its driving force from SOT when the
effective field of DMI (µ0H DM) is fully compensated by
µ0Hx. Based on this result, the DMI strength |D| can be
calculated by using |D| = μ0MsHDM

√
A/Keff [43], where

A is the exchange constant assumed to be 10 pJ m−1, and
Keff the effective PMA energy density obtained by SQUID
measurement. |D| is calculated to be 0.63 mJ m−2.

D. Behaviors under field II: switching phase diagram

Although the nucleation-expansion mode does not con-
tribute to the χ -µ0Hx curve of the DW-assisted device
because of the large coercivity depicted in Fig. 1(d), its
influence exists in the current-driven switching under the
static in-plane field. The direct proof of this claim is the

(a) (b)

(c) (d)

S
R

FIG. 4. Switching phase diagrams. (a) The twisted current-driven loop measured at µ0Hx = 80 mT, State I. The MOKE images
at the top (bottom) correspond to the descending (ascending) current amplitudes indicated by open (solid) squares. These two half
pieces of a current-driven loop are defined as RH

′ and RH ′′. (b) SPD of the central cross measured after a single setting field of
µoHz = 600 mT. The contrast of the SPD is based on the normalized sum of RH

′ and RH ′′ as defined in Fig. 3(c). The blue and red
colors mean that the magnetization is only dominated by the last current pulse, regardless of the current-driven course. For monotonous
deterministic switching, the critical currents are labeled by open circles. (c) SPD measured at State I. (d) Current-driven switching
measured at µ0Hx = 140 mT and µ0Hx =−100 mT, State I. MOKE images indicate the DW profile during the switching process.
Loops are staggered along the z axis.
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twisted current-driven loop measured at µoHx= 80 mT,
State I, as shown in Fig. 4(a) (see Note 4 within the Sup-
plementary Material) [35,44]. Referring to the opposite
χ polarities of the State I curve and “Reference” curve
at µ0Hx= 80 mT shown in Fig. 3(b), the switching
with low (high) I cri belongs to the DW motion mode
(nucleation-expansion mode). An intuitive way to com-
pare these two modes is by magnetizing both pads with
µ0Hx= 600 mT. In this configuration, only the switching
toward “down” magnetization can be assisted by the DW,
while the switching toward “up” magnetization has to be
done via the nucleation-expansion mode, similar to the
first loop shown in Fig. 1(d). As shown in Fig. 4(b), the
nucleation-expansion mode has larger I cri values within
the entire µ0Hx range, but shows stronger dependence on
the µ0Hx value, regardless of the saturation of χ when
|µ0Hx|> 200 mT. The stronger response to µ0Hx implies
that the nucleation-expansion mode relies on the in-plane
field not only for chirality-breaking, but also for lower-
ing the nucleation barrier. This asymmetric feature of the
switching phase diagram (SPD) is similar to the results
in our previous work on an antiferromagnetically coupled
system, which shows good self-consistency of this device
design [29].

Knowing the different features of two switching
modes, the odd SPD of State I shown in Fig. 4(c)
can be interpreted. In the field range µ0Hx ≤ 0 mT,
the switching is totally dominated by the DW motion
mode and I cri decreases smoothly along with µ0Hx,
since the external field helps in stabilizing the chirality.
As 0 mT < µ0Hx < 140 mT, the I cri of the nucleation-
expansion mode is roughly indicated by the white valley
between the blue and red areas occurring at the boundary
of the diagram. In this region, the I cri value of DW motion
mode (nucleation-expansion mode) decreases (increases)
with µ0Hx, identical to the changes of χ values. After µ0Hx
overrides the µ0H DM, the twisting of the switching loop
disappears, indicating that the two switching modes share
the same polarity again. Notably within the µ0Hx range of
150 to 240 mT, I cri is following the trend of the nucleation-
expansion mode. For µ0Hx > 240 mT, I cri keeps nearly
constant. This implies that the switching in this region is
a mixture of the two modes. The SPD of the DW-assisted
device shows good consistency with the evolution of SOT
efficiency.

E. Discussion: pinning effect in the DW motion
switching

In the measurements of SOT efficiency and SPD, the
pinning effect plays a minor role but results in interesting
phenomena. The current-biased loops shown in Fig. 3(a)
have obvious asymmetric shapes, and the sides that are
nearer to the y axis show more skewed profile. This asym-
metry corresponds to different DW profiles, as shown in

Fig. 3(a). The skewed side of the loop corresponds to the
curved DW, similar to the ones occurring in the field-free
switching discussed in section B, while the steeper side
corresponds to the straight DW, nearly perpendicular to the
edges of the Hall bar.

The pinning effect of the DW changes the competi-
tion between the SOT and the external field. At the initial
stage of DW motion, the DW locates at the boundary of
the Tb/Co multilayers as a relatively ideal straight line.
At this stage, the mDW is along the x direction, ensur-
ing a maximum SOT-driving force. When the DW starts
to move, the pinning centers result in a bended profile of
the DW. The bended sections of the DW in turn receive
less SOT-driving force since the projection of mDW along
the x direction decreases. In the switching event where
SOT cooperates with the external field µ0Hz, this decreas-
ing trend of SOT after departure from the initial position
prolongs the reversal time, resulting in a skewed profile.
But for the other switching event in the same loop, the
SOT competes with µ0Hz, and the bending of the DW
means an increase in the total driving force of the DW,
which results in an avalanchelike propagation of the DW.
Meanwhile, this negative feedback balances out the need
for a larger driving force for depinning, keeping the DW
straight. In the SPD measurement, the alignment of mDW
by µ0Hx plays a similar role to µ0Hz, as shown in the loops
of Fig. 4(d). Under State I, µ0Hx of +140 mT competes
with µ0H DM on the aligning of mDW, building the negative
feedback to the pinning effect and resulting in a straight
DW. On the other hand, µ0Hx of −100 mT only supplies
additional alignment of mDW along the x direction; hence,
the DW remains the bended profile with smaller curvature
similar to the field-free condition.

This hypothesis can also be used to explain the kinks
at zero field in the |χ |-µ0Hx curves. The |χ | values at
µ0Hx = 0 mT are around 80% of the saturating |χ | value
and the slope differs at two sides, resulting in the kinks.
This discontinuity means that the DMI-induced align-
ment of mDW suffers from tilting, while µ0Hx can uni-
formly align mDW regardless of the specific DW profile.
This difference results in different slopes on each side of
µ0Hx = 0 mT. Meanwhile, if the DW is simplified into
Néel-type sections, which are pinned at both ends, each
section can be ideally bent into a semicircle before depin-
ning [45], and the ratio of the total SOT-driving force of
the entire DW to the χ value of a straight Néel-type DW is
estimated to be 78.5%, i.e., the area ratio between a circle
and its circumscribing square (see Note 3 within the Sup-
plemental Material) [35]. This value is very close to the
80% mentioned previously, indicating a good accordance
of this explanation. Since the tilting of a DW universally
occurs in a racetrack device and is most of the time unde-
sirable, for the device design with both effective in-plane
field and DW racetrack [18], this mechanism could be
applied to modify the profile of the DW. For DW-based

044074-6



FIELD-FREE SWITCHING. . . PHYS. REV. APPLIED 13, 044074 (2020)

spin-Hall nano-oscillators which involve SOT, DW, and
external field at the same time [46], this knowledge can
be used to modify the performance of the oscillator.

F. SAF structure for potential MTJ application

To fulfill the potential of our device design as the free
layer of a MTJ, a new FM layer is added above the
Ru/Pt capping layer to form a SAF structure, otherwise
the direct contact between the FM layer and the MgO tun-
neling layer will be impossible. A new stack is fabricated
with additional deposition of Co(0.4–1.3 nm)/Pt(1 nm)
between steps 3 and step 4 in Fig. 1(a). The Pt capping
layer is added to prevent oxidation and to increase the
PMA, whereas in the MTJ fabrication this layer can be
replaced by a MgO tunneling layer. The RH -Hz loops mea-
sured for the device with Co thickness tCo= 0.75 nm show
an antiferromagnetic curve with an additional switching
between two SAF states, as indicated in Fig. 5(a) [47]. The
States I and II defined above are also used for this device
and the RH -Ip loops are shown in Fig. 5(b). The differ-
ence between the two RH levels corresponds to the two
SAF states shown in Fig. 5(a), indicating that the DWs
lead to the deterministic switching of the SAF structure.
By varying the Co layer thickness, the net magnetization

can be largely decreased (see Note 5 within the Supple-
mental Material) [35]. The feasibility of driving the SAF
magnetization by current allows the design of a field-free
MTJ as illustrated in Fig. 5(d). As an additional benefit,
each magnetic component in this design is either SAF or
ferrimagnetic multilayers, which induce less disturbance
by the stray field between devices in a highly integrated
circuit [48].

Finally, we employ micromagnetic modeling to simu-
late the free-layer design shown in Fig. 5(c) [49]. In the
top FM pillar of the model with diameter of 100 nm and
thickness of 1 nm, the magnetic parameters including Ms,
out-of-plane anisotropy Ku, SAF coupling strength J ex and
effective spin-Hall angle ξSH, come from the experimental
data, except for the exchange constant J of 6× 1011 J m−2.
A field of 1 T is applied to two ends of the current chan-
nel to replace the role of the Tb/Co pads. When a direct
current of 6× 1011 A m−2 is injected into the current chan-
nel, the set DW moves toward the pillar and brings the
multidomain structure into the pillar. The sweeping of cou-
pled DWs achieves magnetization reversal in the pillar.
The strong pinning effect locates on the edge of the pil-
lar where the coupling condition changes drastically. After
300 ps, the DW stops at the boundary of the region with the

(a) (b)

(c)

(d) (e)

FIG. 5. SAF structure device
design. (a) RH vs Hz loop and
(b) RH vs Ip loops in State I
and II of a SAF device with
tCo= 0.75 nm. (c) Schematic illus-
tration of the MRAM design
utilizing the DW motion SAF
structure. (d) The evolving Mz
distribution of the micromag-
netic model during DW-assisted
current-driven switching. (e) The
change of total Mz in the pillar
(blue) and current in the bottom
layer (red) during simulation.
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pinning field. The DWs show similar behavior when the
polarity of the current is changed, reversing the magnetiza-
tion in the pillar back to downward, as shown in Fig. 5(d).
The total magnetization of the pillar shown in Fig. 5(e)
indicates that the reversal process can be done in 200 ps,
which compares competitively to semiconductor memories
[50]. Notably, the magnetization is not reversed to satu-
ration value because of the small current density, while
larger current density can achieve total reversal but results
in dissipation of the DWs. The simulation results indicate
that this design is feasible, although the shape should be
modified to minimize the undesirable pinning effect.

IV. CONCLUSION

In conclusion, we propose a field-free current-driven
magnetization-switching device with additional Tb/Co
multilayers for DW creation. The switching of the mag-
netization is proven by MOKE imaging to be dominated
by the motion of the DW created at the boundary of the
coupled areas. We measure the SOT efficiency of DW
motion switching mode, which is determined by the ori-
entation of the in-plane spins in the assisting DWs. The
competition between the two switching modes forms an
asymmetric SPD, which can be qualifiedly explained by
the amplitude of SOT efficiency. Under the influence of the
pinning effect, the competition between uniform external
field and DMI on DW magnetization results in avalanche-
like switching and a straight DW profile. Finally, SAF
structure in the central area of the device is investigated
by experiment and micromagnetic simulation to prove that
this design can be used in the manufacture of MTJ-based
memory.
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