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The addition of spatial inversion asymmetry and significant spin-orbit coupling to synthetic antiferromagnets
(SAFs) has led to a lot of fundamental discoveries and technological applications. Here, we experimentally
demonstrate that the critical magnetic field for breaking the degeneracy of monochiral domain walls (DWs) to
realize the spin-orbit torque (SOT)-induced magnetization switching can be varied in a wide range from field
free to 3000 Oe in perpendicularly magnetized CoPt/Ru/CoPt SAFs with strong interlayer antiferromagnetic
coupling, which strongly depends on the interfacial Dzyaloshinsky-Moriya interaction (DMI) and SOT at the
bottom and top interfaces with multiple inversion asymmetries. Our DW dynamical calculations further reveal
that the field-free magnetization switching is caused by SOT-induced left-handed chiral Néel DW displacement
under the condition that the interfacial DMI of the upper magnetic layer has a significantly smaller value than
that of the lower magnetic layer. These findings provide key insights for understanding the role of SOT and DMI
in magnetization switching of magnetically coupled chiral systems and pave the way to practical applications of
SAFs.
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I. INTRODUCTION

The combination of spatial inversion asymmetry and sig-
nificant spin-orbit coupling in synthetic antiferromagnets
(SAFs) based on ferromagnet/spacer/ferromagnet multilay-
ered stacks with antiparallel magnetizations has led to a lot
of fundamental discoveries and technological applications
[1–19]. The perpendicularly magnetized SAFs with strong
interlayer antiferromagnetic coupling (IAC) are expected to
be very promising for practical applications in nonvolatile
memory and spin-logic devices due to good thermal stability,
fast magnetic dynamics, and highly efficient spin-orbit torque
(SOT) switching [5–7,10,11]. In addition to the well-known
oscillatory interlayer exchange coupling and giant magnetore-
sistance [12,13], recent emerging findings in SAFs include
SOT-induced magnetization switching [5–7,17–19], large do-
main wall (DW) velocity [2], magnetic bilayer skyrmions
without the skyrmion Hall effect [14], artificial spin ice [15],
and a chiral magnetic DW serving as a spin-wave polarizer
and retarder [16]. Among all these findings it is worthy to
mention that, though the field-free magnetization switching
has been realized recently in SAFs with very weak IAC
[17–19], a large in-plane external magnetic field of 500 to
4000 Oe is still needed in SAFs with strong IAC to obtain
deterministic perpendicular magnetization switching by SOT
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[5–7], which seriously limits the practical applications of
SAFs. It is worth mentioning that strong IAC in SAFs is nec-
essary for remaining at zero net magnetization (without a stray
field) in a relatively large external magnetic field, enhancing
the thermal stability of magnetization, keeping high resonance
frequency, and locking the two magnetizations antiparallel to
behave as a whole.

In principle, due to spatial inversion asymmetry and sig-
nificant spin-orbit coupling at the bottom and top interfaces
of SAFs, the Dzyaloshinsky-Moriya interaction (DMI) can
result in monochiral DWs [2,5,7], such as two left-handed
chiral DWs with up-to-down and down-to-up configurations,
respectively. Without the external magnetic field and/or ap-
plied electric current, the two chiral DWs have the same
static magnetic energy, i.e., degeneracy of monochiral DWs.
Under the in-plane external magnetic field and/or the applied
electric current, the two chiral DWs have different energy and
move with different velocity, i.e., breaking the degeneracy of
monochiral DWs, which can cause the perpendicular magne-
tization to switch [2,5,7]. Though the dynamics of monochiral
DW movement can be well described by the Landau-Lifshitz-
Gilbert (LLG) equation [2,20], the critical magnetic field for
breaking the degeneracy of monochiral DWs to switch the
perpendicular magnetization has not been given yet.

On the other hand, we wonder if the degeneracy of
monochiral DWs can be broken without any external mag-
netic field to realize field-free perpendicular magnetization
switching in SAFs with strong IAC by designing multiple
inversion asymmetries. In fact, in addition to the conventional
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out-of-plane inversion asymmetry (along the z axis), the in-
plane inversion asymmetry (along the y axis) can also form at
the heterojunction interface [21–25]. Moreover, the different
bottom buffer layers and top capping layers in the SAF can
further reduce its symmetry, which can be easily used to
modulate the interfacial DMI and SOT of the bottom and
top interfaces [26–29]. However, experimental and theoreti-
cal investigations on the strong coupling SAF with multiple
inversion asymmetries are still lacking.

In this paper, we experimentally and theoretically demon-
strate that the critical magnetic field for the SOT-induced
magnetization switching can be varied in a wide range
from field free to 3000 Oe in perpendicularly magnetized
CoPt/Ru/CoPt SAFs with strong IAC, which strongly de-
pends on the interfacial DMI and SOT at the bottom and
top interfaces with multiple inversion asymmetries. Our DW
dynamical calculations further reveal that the field-free mag-
netization switching is caused by SOT-induced left-handed
chiral Néel DW displacement under the condition that the
interfacial DMI of the upper magnetic layer (UM) has a sig-
nificantly smaller value than that of the lower magnetic layer
(LM).

II. SAFs WITH STRONG IAC

We prepared a series of perpendicularly magnetized
CoPt/Ru/CoPt SAF with different bottom buffer layers
and top capping layers to form multiple inversion
asymmetries [30], i.e., substrate-Si − SiO2/Ta2/Pt5/

[Co0.5/Pt0.3/Co0.5]/Ru0.7/[Co0.5/Pt0.3/Co0.5]/Pt1/Ta2,
named as Pt-Ta-capped SAF, substrate-Si−SiO2/Ru2/

Pt5/[Co0.5/Pt0.3/Co0.5]/Ru0.9/[Co0.5/Pt0.3/Co0.8]/Ta2/

Ru2, named as Ta-Ru-capped SAF, and substrate-Si −
SiO2/Ta2/Pt5/[Co0.5/Pt0.4/Co0.5]/Ru0.88/[Co0.4/Pt0.3
/Co0.4/Pt0.3/Co0.4]/Ta2/Pt2, named as Ta-Pt-capped SAF,
where the numbers are the nominal thicknesses of each layer
in units of nanometers. The Pt-Ta- and Ta-Ru-capped SAFs
are prepared by normal sputtering with substrate rotation,
so only the conventional out-of-plane inversion asymmetry
is formed. The Ta-Pt-capped SAFs are prepared by oblique
sputtering with the sputtering direction in the y-z plane
(z axis perpendicular to the film plane), and in this case,
both the conventional out-of-plane and in-plane inversion
asymmetries can form at the bottom and top interfaces. In
fact, oblique sputtering can simultaneously break crystal and
structural inversion symmetry at the heterojunction interface
along the two orthogonal directions of out-of-plane z axis
and in-plane y axis and thus allow for the creation of two
orthogonal components Ey and Ez of the inner electric field
vector (E = Eyŷ + Ezẑ) with inversion asymmetry. Due to
the strong spin-orbit coupling at heterojunction interfaces
and in the heavy metal layers, we propose that the inversion
asymmetry along the y and z axes at the heterojunction
interfaces can produce the SOT bias fields to break the
degeneracy of up-to-down and down-to-up DW motion
and lead to the deterministic switching of perpendicular
magnetization with strong IAC. In these samples, the
perpendicularly magnetized CoPt alloy layers formed by
[Co/Pt/Co] or [Co/Pt/Co/Pt/Co] layers are separated
by the intermediate Ru layer to establish the strong IAC

FIG. 1. Strong interlayer antiferromagnetic coupling and perpen-
dicular magnetization measured by normalized magnetic hysteresis
loops (blue) and anomalous Hall effect curves (red). (a) The external
magnetic field Hz is applied out of the film plane, the easy magne-
tization axis of the Pt-Ta-capped synthetic antiferromagnet (SAF).
The bottom inset in (a) shows the stacks of the Pt-Ta-capped SAF.
(b) The external magnetic field Hx is applied in the film plane, the
hard magnetization plane of the Pt-Ta-capped SAF. The schematic
diagrams with arrows in (a) and (b) indicate the magnetization di-
rections in both magnetic layers of the SAF. (c) and (d) The same
measurements as (a) and (b) for the Ta-Ru-capped SAF. The bottom
inset in (c) shows the stacks of the Ta-Ru-capped SAF. The bottom
inset in (d) shows the structural diagram of Hall bar.

[2,5,7,13]. The different bottom buffer layers and top capping
layers are used to modulate the SOT and interfacial DMI
of the bottom and top interfaces [26–29], which are very
important to modulate the critical magnetic field and even
realize the field-free SOT-induced magnetization switching
in SAFs with strong IAC. The magnetic hysteresis loops
were measured with a superconducting quantum interference
device. Current-induced magnetization switching by SOT
was measured by applying a 0.1 s current pulse with different
amplitudes to the Hall bar. A one-dimensional model of
DW dynamics in SAFs is based on the LLG equation of
magnetization dynamics. The stationary solutions of DW
motion under applied electric current and magnetic field are
described by the DW velocity and the azimuthal angle of
the in-plane component of magnetization at the center of the
DWs.

Figures 1(a) and 1(b) show the normalized magnetic
hysteresis loops and anomalous Hall effect curves of the Pt-
Ta-capped SAF, and Figs. 1(c) and 1(d) show the similar
loops of the Ta-Ru-capped SAF. Strong IAC, perpendicular
magnetization, and zero net magnetization at the antiferro-
magnetic remanent magnetization states are observed in both
Pt-Ta- and Ta-Ru-capped SAFs. In Fig. 1(a), although the
remanent magnetization of the SAF is zero, the remanent
Hall resistance is nonzero due to different shunting resistance
and interfacial spin-orbit coupling in the bottom buffer layers
and top capping layers [7]. Therefore, as the external mag-
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netic field reduces from the positive magnetization saturation
to zero, one antiferromagnetic remanent magnetization state
(ML ↑ in the LM, MU ↓ in the UM), as shown in Fig. 1(a),
is obtained which can be measured by the positive remanent
Hall resistance RH. On the other hand, as the external mag-
netic field reduces from the negative magnetization saturation
to zero, another antiferromagnetic remanent magnetization
state (ML ↓ in the LM, MU ↑ in the UM) can be obtained
and measured by the negative remanent Hall resistance RH.
This means that we can write two different antiferromagnetic
remanent magnetization states by using two large magnetic
fields (the positive/negative magnetization saturation fields
along the z axis) and read them by the anomalous Hall effect
for the application in nonvolatile memory. However, Fig. 1
indicates that all these perpendicularly magnetized SAFs with
strong IAC need a large magnetic field to switch (write) the
two antiferromagnetic remanent magnetization states, which
should be removed for practical applications in nonvolatile
memory by the field-free SOT-induced magnetization switch-
ing in SAFs. A quantitative estimation of the perpendicular
magnetic anisotropy and strong IAC can be found in Supple-
mental Material I [31].

III. PERPENDICULAR MAGNETIZATION SWITCHING
BY SOT

Figure 2(a) shows the schematic diagram of an antifer-
romagnetically coupled Néel-type DW with the left-handed
chirality and the effective magnetic fields acting on the center
of DWs in SAFs. The DW (↑←↓) in the LM and the DW
(↓→↑) in the UM, which strongly couple together and move
as a whole in SAFs, are referred to as DW1, and the DW
(↓→↑) in the LM and the DW (↑←↓) in the UM as a whole
are referred to as DW2. The magnetization switching is caused
by the relative movement between DW1 and DW2 under all
the effective magnetic fields in SAFs [2,5]. In all our SAFs,
the bottom buffer layer of Pt5 heavy metal is significantly
thicker than the top capping layer of heavy metal Ta2, Pt1/Ta2,
or Ta2/Pt2, so the chirality of antiferromagnetically coupled
Néel DWs and the effective SOT acting on DW1 and DW2
are mainly determined by the bottom Pt layer, and the sign of
antiferromagnetic remanent Hall resistance RH is also deter-
mined by the LM. The detail of the DMI effective magnetic
field in SAFs is shown in Supplemental Material II [31]. The
DMI effective fields at the bottom interface are measured as
1300 Oe for Pt-Ta-capped SAF and 3600 Oe for the Ta-Ru-
capped SAF.

Figure 2(b) shows the electric-current-induced perpendic-
ular magnetization switching of the Pt-Ta-capped SAF at
various in-plane magnetic fields Hx. The Pt-Ta-capped SAF
shows a low magnetic field magnetization switching at an
in-plane external magnetic field as low as 70 Oe, which is
denoted by the shadow loops. As Hx increases to 2400 Oe, the
magnetization switching disappears, and it appears again as
Hx continues to increase >2400 Oe. This phenomenon can be
well explained by the relative movement between DW1 and
DW2, i.e., no deterministic magnetization switching can be
observed at Hx = 2400 Oe because DW1 and DW2 move at
the same velocity [2,5]. By contrast, the Ta-Ru-capped SAF
in Fig. 2(c) only shows significant magnetization switching

FIG. 2. The schematic diagram of antiferromagnetically cou-
pled Néel domain wall (DW) and current-induced perpendicular
magnetization switching by spin-orbit torque (SOT) in a synthetic
antiferromagnet (SAF). (a) The schematic diagram of antiferromag-
netically coupled Néel DW with left-handed chirality in the SAF. The
antiferromagnetically coupled DW (↑←↓) in the lower magnetic
layer (LM) and DW (↓→↑) in the upper magnetic layer (UM) as
a whole are referred to as DW1, and the DW (↓→↑) in the LM and
DW (↑←↓) in the UM as a whole are referred to as DW2 for the
SAF. The right side of (a) gives a schematic diagram of coordinate
systems, which illustrates the directions of the x, y, and z axes
(Cartesian coordinates), and the magnetization vector M = M(θ, ψ )
described by the polar angle θ and azimuth angle ψ (spherical co-
ordinates). (b) The Pt-Ta-capped SAF shows a low magnetic field
magnetization switching at an in-plane external magnetic field as
low as 70 Oe, which is denoted by the shadow loops. (c) The Ta-
Ru-capped SAF only shows significant magnetization switching at
a large magnetic field >3000 Oe, which is denoted by the shadow
loops.

at a large magnetic field of 3000 Oe, which is also denoted
by the shadow loops. The magnetization switching is always
clockwise, from positive Hall resistance switching to negative
Hall resistance at positive current I and field Hx.

In the shadow loops of Fig. 2(b), the critical current for
magnetization switching is Icrit = 23.0 mA, which can be
used to estimate the averaged current density. If the current
only passes through the Pt layers in the SAF, the maximum
value of current density jmax can be obtained. If the cur-
rent passes uniformly in the SAF, the minimum value of
current density jmin can be obtained. Here, for the Pt-Ta-
capped SAF, jmax = 6.97 × 107 A cm−2 and jmin = 3.46 ×
107 A cm−2 are obtained. For the Ta-Ru-capped SAF, it can be
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obtained that Icrit = 20.8 mA, jmax = 7.43 × 107 A cm−2, and
jmin = 2.81 × 107 A cm−2 from the shadow loops in Fig. 2(c).
It is easy to find that the practical current density in the
SAF should be between jmin and jmax despite its nonunifor-
mity. The detail of the electric-current-induced SOT effective
magnetic field in SAFs is shown in Supplemental Material III
[31].

IV. CRITICAL MAGNETIC FIELD FOR MAGNETIZATION
SWITCHING

Now we turn to quantitatively study the DW dynamics to
reveal the physical mechanisms of magnetization switching.
We consider all effective magnetic fields acting on the DWs
since the chiral DW movement plays a key role in SOT-
induced magnetization switching [2,5–7,10,11]. In general,
we consider the LLG equation of each magnetic layer in
SAFs, which can include the magnetization precession, mag-
netization damping, adiabatic and nonadiabatic spin-transfer
torques (STT), and all fieldlike and dampinglike SOT caused
by spin polarization in x̂, ŷ, and ẑ directions of the spin current
[2,20]:

∂M
∂t

= −γ M × H + α

M
M × ∂M

∂t
− u

M2
M ×

(
M × ∂M

∂x

)

− βu

M
M×∂M

∂x
+ γ HFIxM×x̂ + γ HDLx

M
M × (M × x̂)

+ γ HFLyM × ŷ + γ HDLy

M
M × (M × ŷ)

+ γ HFLzM × ẑ + γ HDLz

M
M × (M × ẑ). (1)

The item of −γ M × H is the precession of magnetic mo-
ment M under the total static effective magnetic field H, where
γ = 1.76086 × 107 Oe−1 s−1 is the gyromagnetic ratio for an
isolated electron. The total static effective magnetic field H,
which acts on DW1 and DW2, includes the DMI effective
field HDM

i (the subscript i = L, U for the LM and the UM,
respectively), IAC field Hex

i , in-plane demagnetization field
Hk

i of the DWs, and the external magnetic field such as Hx or
Hz. By the way, the static inner exchange interaction effective
field and static perpendicular anisotropy effective field also
take role through the DW width in the one-dimensional DW
model. The item of α

M M × ∂M
∂t is the damping of magnetic

moment M, where α is the damping factor. The effects of STT
are parameterized by u, and the items of − u

M2 M × (M × ∂M
∂x )

and − βu
M M × ∂M

∂x are adiabatic and nonadiabatic STT, where
β is the nonadiabatic STT coefficient [32,33]. The adiabatic
and nonadiabatic STT items can be neglected in our SAFs.
The item of γ HFLyM × ŷ can serve as the fieldlike SOT
caused by the spin Hall effect, where ŷ is the spin-polarization
unit vector in the y axis direction of spin current flowing along
the z axis direction. The item of γ HDLy

M M × (M × ŷ) can serve
as the dampinglike SOT caused by the spin Hall effect. In fact,
since the spin current in our SAF has no spin polarization in
the x̂ direction, we set the two parameters HFLx = HDLx = 0.
Considering that the SOT fields along the z direction dominate
the DW motion rather than the SOT fields in the x-y plane, we
can also set HFLy = HDLz = 0 in calculations. Thus, in our

FIG. 3. Theoretical calculations of domain wall (DW) velocity
and azimuth angle ψ in a synthetic antiferromagnet (SAF) as a
function of applied magnetic field Hx by using experimental param-
eters. (a) The calculated velocity of DW1 (red) and DW2 (blue) in
the Pt-Ta-capped SAF. (b) The DW velocity difference �v (green)
and the relative ratio of velocity difference η (yellow) between
DW1 and DW2 in the Pt-Ta-capped SAF. The dash line shows
η = 1%, at which the critical switching magnetic field (H crit) is
defined for deterministic magnetization switching in experiments.
(c) The calculated azimuth angles (ψ1

L, ψ1
U) of DW1 and (ψ2

L, ψ2
U)

of DW2 at different Hx in the Pt-Ta-capped SAF. The inset on the
right shows the DW configurations of DW1 and DW2 at Hx = 0.
(d)–(f) The corresponding calculations for the Ta-Ru-capped SAF as
in (a)–(c).

case, we only consider the SOT effective fields along the z
axis, i.e., the fieldlike SOT effective field HFLz �= 0 and the
dampinglike SOT effective field HDLy �= 0, without losing the
basic physics in Eq. (1).

Here, we applied the above LLG equation to the one-
dimensional DW model to study the DW dynamics quantita-
tively [2,20,34] (see Supplemental Material IV and V and Fig.
S5 [31]). The physical parameters used in the one-dimensional
DW calculations are mainly based on the experimental values,
which are shown in Table S1 in the Supplemental Material
[31]. Figure 3(a) shows the velocity of DW1 and DW2 as a
function of the external field Hx for the Pt-Ta-capped SAF,
which is calculated by Eqs. (33)–(39) in Supplemental Ma-
terial IV [31]. As shown in Table S1 in the Supplemental
Material [31], the DMI effective field HDM

L = −1625 Oe
and HDM

U = 500 Oe are used for DW1 of the Pt-Ta-capped
SAF. The dampinglike SOT effective field HDLy

L = 200 Oe
(corresponding to current density jL = 6.84 × 107 A cm−2 in
the bottom Pt layer, which is between experimental jmin and
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jmax) and HDLy
U = 100 Oe are used in calculations for DW1.

This scenario of effective magnetic fields is appropriate for
SAFs with the conventional out-of-plane inversion asymmetry
(along the z axis). DW1 and DW2 have the same veloci-
ties at Hx = 0 and Hx = ±2400 Oe. At these three magnetic
fields, the magnetization switching cannot occur, which is
in good agreement with the experimental observation in
Fig. 2(b).

According to the one-dimensional DW model, magneti-
zation switching can occur as soon as DW1 and DW2 have
different velocities for SAFs with multiple magnetic domains.
The prerequisite for the DW model is the existence of the
multiple magnetic domains and corresponding DWs, which
are usually pinned by the defects or nonuniformity in the
magnetic layers. The very small reversed magnetic domains
are usually first formed before the magnetization switch-
ing at the defects or the edges of the samples due to the
combination of the Joule heat, SOT, and reversed external
magnetic field. However, even though DW1 and DW2 have
depinned from the defects or the edges, they still cannot cause
the deterministic magnetization switching if they have the
same DW velocity. Comparing Figs. 2(b) and 3(a), there is
an obvious correlation between the experimental magnetiza-
tion switching and the theoretical velocity difference between
DW1 and DW2. Therefore, we define the velocity differ-
ence between DW1 and DW2 as �v = vDW1 − vDW2 and
the relative ratio of velocity difference as η = |vDW1−vDW2|

|vDW1|+|vDW2| ,
which are shown in Fig. 3(b). Here, the critical magnetic field
H crit for the SOT-induced significant magnetization switching
can be defined as the minimum magnetic field that satisfies
η � 1%.

Combining Figs. 3(b) and 2(b), we can know that, in the
positive magnetic field range with �v > 0 and η � 1%, the
magnetization switching at positive current I and magnetic
field Hx<2400 Oe in Fig. 2(b) is due to DW1 movement along
the +x̂ axis dominating over DW2 movement in Fig. 3(b),
showing anticlockwise switching from negative to positive
Hall resistance in Fig. 2(b). In Fig. 3(b), the theoretical crit-
ical magnetic field H crit = 70 Oe for the Pt-Ta-capped SAF
is in excellent agreement with the applied magnetic field
Hx = 70 Oe, at which significant magnetization switching is
observed, as shown in Fig. 2(b). On the other hand, in the
positive magnetic field range with �v < 0 and η � 1% in
Fig. 3(b), the magnetization switching at positive current I
and magnetic field Hx>2400 Oe in Fig. 2(b) is due to DW2
movement along the +x̂ axis dominating over DW1 move-
ment in Fig. 3(b), showing clockwise switching from positive
to negative Hall resistance in Fig. 2(b).

Figure 3(c) shows the calculated azimuth angles (ψ1
L, ψ1

U)
of DW1 and (ψ2

L, ψ2
U) of DW2 at different Hx, and the in-

set on the right shows the DW configurations of DW1 and
DW2 at Hx = 0 (ψ1

L = 153◦, ψ1
U = −47◦, ψ2

L = 27◦, and
ψ2

U = 227◦). The azimuth angles (ψ1
L, ψ1

U) of DW1 are not
symmetrical about the y axis at Hx = 0, which means that
DW1 has the net magnetization component along the −x̂
axis direction. For the same reason, DW2 has the net mag-
netization component along the +x̂ axis direction. In this
case, a small external magnetic field Hx along the x axis can
break the symmetry of DW1 and DW2 about the y axis and

makes them have different DW velocities to switch the
magnetization.

Similar calculations are done for the Ta-Ru-capped SAF
using HDM

L = −3600 Oe, HDM
U = 3600 Oe, HDLy

L = 100 Oe
(corresponding to current density jL = 3.50 × 107 A cm−2 in
the bottom Pt layer) and HDLy

U = 50 Oe, which are shown
in Figs. 3(d)–3(f). In this case, we find that DW1 and DW2
have the same velocities η = 0 at Hx = 0 and η = 1% at
Hx = 3000 Oe. This means that a large critical magnetic field
H crit = 3000 Oe is needed for the magnetization switching
of the Ta-Ru-capped SAF, which is well in agreement with
the experimental observation in Fig. 2(c). Moreover, the mag-
netization switching at positive current I and magnetic field
Hx>3000 Oe in Fig. 2(c) is due to DW2 movement along
the +x̂ axis dominating over DW1 movement in the positive
magnetic field range with �v < 0 and η � 1% in Fig. 3(e),
showing clockwise switching from positive to negative Hall
resistance in Fig. 2(c).

Figure 3(f) shows the calculated azimuth angles (ψ1
L, ψ1

U)
of DW1 and (ψ2

L, ψ2
U) of DW2 at different Hx. It is clear that

the azimuth angles (ψ1
L, ψ1

U) of DW1 are symmetrical about
the y axis at Hx = 0 (ψ1

L = 186◦, ψ1
U = −6◦, ψ2

L = −6◦, and
ψ2

U = 186◦), which means that DW1 has no net magnetization
component along the x axis. For the same reason, DW2 also
has no net magnetization component along the x axis. In this
case, a large external magnetic field Hx along the x axis is
needed to break the symmetry of DW1 and DW2 about the y
axis to switch the magnetization.

Since the critical magnetic field H crit is key for magneti-
zation switching, it is necessary to study its dependence on
other physical parameters, such as HDM

L , HDM
U , −Jex, Hk , and

j. Figure 4(a) shows the contour plot of H crit vs HDM
L and HDM

U
of DW1. Since HDM

L is negative and HDM
U is positive (along the

x axis) for DW1 in our SAF samples, as shown in Fig. 2(a),
the fourth quadrant of the contour plot in Fig. 4(a) corresponds
to our experimental case. This quadrant of the plot shows the
remarkable characteristic that H crit increases as the strength of
HDM

L and HDM
U simultaneously increases within the diagonal

region, and H crit is mainly determined by the weaker one of
HDM

L and HDM
U . In practical application of SAFs, we want H crit

as small as possible, preferably zero. Now the characteristic of
the contour plot of H crit provides an important reference for us
to achieve this goal that a low critical field and even field-free
magnetization switching can be obtained by designing a weak
DMI at either the LM or the UM despite the large IAC and
large DMI in the other magnetic layer.

Figure 4(b) further shows H crit as a function of |HDM|,
where |HDM| = −HDM

L = HDM
U > 0 varies along the diago-

nal in the fourth quadrant. When |HDM| is <1000 Oe, H crit

is zero, which predicts a field-free magnetization switching.
When |HDM| is >1000 Oe, H crit increases nearly linearly with
|HDM|.

Now we turn to the first quadrant of Fig. 4(a), where
HDM

L > 0 and HDM
U > 0 in DW1 mean the right-handed Néel

DW (↑→↓) in the LM and the left-handed Néel DW (↓→↑)
in the UM. In the first quadrant, the critical field H crit is
quite small in most regions except a narrow region above the
diagonal. Very similar results are obtained in the third
quadrant of Fig. 4(a), which is the inversion of the first quad-
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FIG. 4. The dependence of critical switching magnetic field H crit

on HDM
L , HDM

U , and −Jex. (a) The contour plot of H crit vs HDM
L and

HDM
U , where the other physical parameters are from the values of

the Pt-Ta-capped synthetic antiferromagnet (SAF). (b) The depen-
dence of H crit on |HDM|, which corresponds to the dashed line in
the fourth quadrant of (a) with |HDM| = −HDM

L = HDM
U for DW1.

(c) The contour plot of H crit vs |HDM| and −Jex, where |HDM| =
−HDM

L = HDM
U for DW1. (d) The dependence of H crit on −Jex

for the fixed |HDM| = 4000 Oe, which corresponds to the dashed line
in (c).

rant. Obviously, the critical field H crit in the second quadrant,
where HDM

L > 0 and HDM
U < 0 in DW1 mean the right-handed

Néel DW (↑→↓) in the LM and the right-handed Néel DW
(↓←↑) in the UM, is also the inversion of the fourth quadrant.

The contour plot of H crit vs |HDM| and −Jex is shown
in Fig. 4(c), where |HDM| = −HDM

L = HDM
U > 0 for DW1.

When |HDM| is fixed at 4000 Oe, represented by the horizontal
dash line in Fig. 4(c), the variation of H crit with −Jex is given
in Fig. 4(d). Figures 4(c) and 4(d) indicate that H crit increases
with both |HDM| and −Jex. We also calculated H crit as a
function of DW demagnetization field Hk and current density
j (see Fig. S6 in Supplemental Material V [31]), indicating
that the increase of Hk and j is helpful to reduce H crit . By the
way, for the calculations in Figs. 3 and 4, the current density
applied in our SAFs is so small that its STT effect on DW
dynamics is neglected (see Fig. S7 in Supplemental Material
V [31]).

V. FIELD-FREE SOT-INDUCED MAGNETIZATION
SWITCHING

So far, we have experimentally achieved a significant de-
crease of the critical switching field H crit from 3000 to 70 Oe
mainly by designing both DMI effective fields HDM

L and HDM
U

in SAFs. Although a few values of HDM
L and HDM

U can make
the H crit = 0 in theory, as shown in Fig. 4 and Fig. S6 in
Supplemental Material V [31], it is not easy to acquire these
HDM

L and HDM
U accurately in experiments. Therefore, we fur-

FIG. 5. Field-free spin-orbit torque (SOT) switching in an
oblique sputtering synthetic antiferromagnet (SAF). (a) Normalized
magnetic hysteresis loop (blue) and anomalous Hall effect curve
(red) measured by out-of-plane magnetic field Hz. The bottom inset
in (a) shows the stacks of the oblique sputtering SAF. (b) The oblique
sputtering SAF shows a field-free magnetization switching at Hx =
0, which is denoted by the shadow loop. (c) The calculated velocity
of DW1 (red) and DW2 (blue) in oblique sputtering SAF. (d) The
domain wall (DW) velocity difference �v (green) and the relative
ratio of velocity difference η (yellow) between DW1 and DW2 in
the oblique sputtering SAF. (e) The calculated azimuth angles (ψ1

L,
ψ1

U) of DW1 and (ψ2
L, ψ2

U) of DW2 as a function of Hx in oblique
sputtering SAF. The inset shows the DW configurations of DW1 and
DW2 at Hx = 0.

ther introduce the oblique sputtering to assist the realization
of field-free magnetization switching in SAFs by modulating
the SOT effective fields. In addition to the conventional in-
version asymmetry out of the plane (along the z axis), the
oblique sputtering in the y-z plane will break the space in-
version symmetry in the y direction, resulting in an additional
y-direction electric field Ey = Eyŷ with inversion asymmetry.
Due to the Rashba-like spin-orbit coupling, the current in the
x-axis direction of the oblique sputtering SAFs can generate
an additional fieldlike SOT effective field HFLz

i (along the z
axis) acting on the LM and the UM. As a result, two magnetic
fields HFLz

L and HFLz
U should be added to the LM and the UM

for the oblique sputtering SAFs. The detailed analysis of the
additional fieldlike SOT effective field HFLz

i can be found in
Supplemental Material IV [31]).

Figure 5(a) shows the out-of-plane magnetic hysteresis
loop and anomalous Hall effect curve of the Ta-Pt-capped
oblique sputtering SAF. Like the Pt-Ta- and Ta-Ru-capped
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SAFs, the Ta-Pt-capped oblique sputtering SAF has strong
IAC and perpendicular magnetization as well as zero net
magnetization and nonzero Hall resistance at the remanent
magnetization states. By fitting the magnetic hysteresis loop,
the saturation magnetization M = 702 emu cm−3 (experimen-
tal value), perpendicular magnetic anisotropy K p = 2.817 ×
106 erg cm−3, and interlayer antiferromagnetic exchange
coupling strength Jex = −2.189 × 106 erg cm−3 (or Jex =
−0.3503 erg cm−2) are obtained for the oblique sputtering
SAFs. The electric-current-induced magnetization switching
of the SAFs is shown in Fig. 5(b). It is remarkable that field-
free perpendicular magnetization switching occurs at Hx = 0,
which is denoted by the shadow loop. As Hx varies from
5000 to −5000 Oe, there are three values of Hx = 1750,
−80, and −1050 Oe at which the magnetization switching
disappears. When Hx crosses these three fields, the mag-
netization switching direction (clockwise or anticlockwise)
changes. In Fig. 5(b), we can obtain Icrit = 27.5 mA, jmax =
6.88 × 107 A cm−2, and jmin = 3.65 × 107 A cm−2 for the
Ta-Pt-capped oblique sputtering SAF.

Figures 5(c) and 5(d) show the velocity of DW1 and
DW2, the DW velocity difference �v, and the relative ra-
tio of velocity difference η between DW1 and DW2 in the
oblique sputtering SAFs. Here, HDM

L = −1175 Oe, HDM
U =

400 Oe, HDLy
L = 200 Oe (corresponding to current density

jL = 6.76 × 107 A cm−2), HDLy
U = 100 Oe, HFLz

L = 10 Oe,
and HFLz

U = 15 Oe are used. In Fig. 5(d), the relative ratio
of velocity difference η > 1% at Hx = 0 indicates a field-
free magnetization switching, and �v = 0 (η = 0) at Hx =
−1077, −74, and 1750 Oe indicates no magnetization switch-
ing near these three magnetic fields. This is in very good
agreement with the experimental observation in Fig. 5(b).
Figure 5(e) gives the calculated azimuth angles (ψ1

L, ψ1
U) of

DW1 and (ψ2
L, ψ2

U) of DW2 as a function of Hx for oblique
sputtering SAFs. It can be seen that, at Hx = 0 (ψ1

L = 148◦,
ψ1

U = −53◦, ψ2
L = 33◦, and ψ2

U = 232◦), the symmetry of
DW1 (ψ1

L, ψ1
U) about the y axis, the symmetry of DW2 (ψ2

L,
ψ2

U) about the y axis, and the symmetry of DW1 and DW2
about the y axis are simultaneously broken. In this case, DW1
and DW2 have different DW velocities, and thus, the field-free
magnetization switching occurs without the external magnetic
field.

From the above, although the Pt-Ta-, Ta-Ru-, and Ta-Pt-
capped SAF films have quite different physical parameters
such as K p, Jex, HDM, and HDLy, we can see that the relative
ratio of velocity difference η = 1% as the theoretical criterion
to define the critical field H crit can perfectly describe all the
experimental critical field of various SAF films. It is well
known that, when the magnetization switching is caused by
the external magnetic field through DW movement, the critical
field should overcome the pinning magnetic field on the DWs.
On the other hand, the chiral DWs can also be moved by pure
electric current without the external magnetic field [2], which
can define a critical electric current to produce the SOT ef-
fective field to overcome the pinning magnetic field and move
the DWs. However, the conventional SOT effective field can
only make the two chiral DWs move with the same velocity
(i.e., the two chiral DWs still degenerate) and cannot make
determinate perpendicular magnetization switching. There-

fore, in the case of enough big applied electric currents, the
defined critical field H crit by η = 1% is not the depinning field
but a critical field to break the degeneracy of moving chiral
DWs to switch the perpendicular magnetization. In this sense,
our definition of the critical field is universally applicable to
other magnetic materials where the magnetization switching
is caused by DW movement.

Finally, let us discuss the relation between the critical
magnetic field and interfacial DMI and SOT in SAFs. The
DW dynamical calculations indicate that the low field mag-
netization switching in the Pt-Ta-capped SAF is due to the
weak DMI (HDM

U = 500 Oe) in the UM despite the large IAC
(H ex = 6724 Oe) and large DMI (HDM

L = −1625 Oe) in the
LM. On the contrary, the high critical field for magnetization
switching in the Ta-Ru-capped SAF is caused by the large
DM interaction (HDM

L = −3600 Oe and HDM
U = 3600 Oe)

in both magnetic layers and strong IAC (H ex = 3137 Oe)
between both magnetic layers. Moreover, in addition to the
quite different DMIs at bottom and top interfaces, the fieldlike
effective magnetic fields along the z axis (HFLz

L = 10 Oe and
HFLz

U = 15 Oe) greatly enhance the field-free SOT-induced
perpendicular magnetization switching in the oblique sputter-
ing SAFs. It is worth mentioning that the fieldlike effective
magnetic fields (HFLz

L and HFLz
U ) acted on DW1 and DW2

are the same, so they can serve as the bias magnetic fields
to switch the perpendicular magnetization. By contrast, for
dampinglike SOT effective field HDLy, its direction is deter-
mined by −M × p, where p represents the spin polarization
of spin current from the spin Hall effect. If there is no ex-
ternal magnetic field, the corresponding HDLy

L and HDLy
U in

DW1 show opposite signs as compared with those in DW2.
Therefore, the fieldlike effective magnetic fields HFLz

L and
HFLz

U are more efficient than the dampinglike effective field
HDLy

L and HDLy
U for the field-free SOT-induced perpendicular

magnetization switching in strong coupling SAFs.

VI. CONCLUSIONS

In conclusion, by modulating the interfacial DMI and SOT
of bottom and top interfaces, the critical magnetic field for
the SOT-induced magnetization switching can be varied in
a wide range from field free to 3000 Oe in perpendicularly
magnetized CoPt/Ru/CoPt SAFs with strong IAC. These
findings provide key insights for understanding the role of
DMI and SOT in magnetization switching of magnetically
coupled chiral systems and pave the way to practical ap-
plications of high-performance and low-power-consumption
spintronic devices based on SAFs.
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