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Interfacial Dzyaloshinskii-Moriya interaction and dampinglike spin-orbit torque
in [Co/Gd/Pt]N magnetic multilayers
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Recently, magnetic multilayer systems have received again a great attention owing to their suitability for
the generation of magnetic chiral spin structure. In this study, we experimentally investigated the interfacial
Dzyaloshisnkii-Moriaya interaction (DMI) and the spin-Hall angle (SHA) of magnetic Co/Gd/Pt multilayers
with respect to the repetition number N of the multilayers. The DMI and SHA are important variables that
govern the stability and mobility of a homochiral spin structure, respectively. The experimental results show that
the ratio between the DMI and the dipole energy from the domain wall gradually decreases as N increases, which
is expected to be hard to achieve homochiral spin structure for larger N and the values of SHA remain constant
irrespective of N. The observed SHA invariance indicates that the Pt layers in repetition have a negligible effect
on the SHA.
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I. INTRODUCTION

The inversion symmetry breaking with strong spin-orbit
coupling (SOC) at the interfaces between a heavy-metal (HM)
and a ferromagnetic-metal (FM) bilayer results in an anti-
symmetric exchange interaction. This interaction is known
as the interfacial Dzyaloshinskii-Moriya interaction (DMI)
[1,2]. The DMI plays a key role in the formation of chi-
ral spin textures [3–18] such as magnetic skyrmions and
chiral Néel domain walls (DWs). A strong SOC and large
inversion asymmetry are the key factors for engineering the
DMI strength in HM/FM interfaces. Recently, theoretical and
experimental studies for manipulating the interfacial DMI
have been reported; different HM materials in HM/FM/HM
(or HM/FM/Oxide) trilayers were chosen in these studies
[19–21]. Several researchers have experimentally demon-
strated the correlation of interfacial DMI with the anisotropies
of orbital magnetic moment and magnetic dipole moment [22]
as well as the work function difference at interfaces [19].
These experimental findings provide useful guidelines for en-
gineering interfacial DMI, using suitable interface materials.
Therefore, numerous studies have been devoted to investigat-
ing HM/FM/HM trilayers (or HM/FM bilayers) with various
HM materials.
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When in-plane charge current passes through the HM
layers in HM/FM/HM trilayered films, a nonzero, out-of-
plane spin current is induced into the adjacent FM layer
owing to strong SOCs. These spin currents can exert spin
torques—known as spin-orbit torques (SOTs) [23–28]—on
the magnetic moment in the FM layer. Thus, SOTs provide
an efficient way to manipulate magnetization, including mag-
netization switching [24,25]. Even though the principle has
been verified for understanding of its physics, the appropriate
materials and layered structures still need to be investigated
for its application. A number of studies have attempted to
identify suitable materials by focusing on materials exhibiting
strong SOCs and with different HM materials [19,20] or by
replacing HM materials with topological insulators [29]. Anti-
ferromagnetic materials or ferrimagnetic (FiM) materials have
been employed because fast magnetization manipulation is
expected owing to the antiferromagnetically coupled magnetic
moments in these materials [30–32]. Similar to the studies
on DMI, a majority of the studies on SOT have also focused
on investigating materials possessing bilayer or trilayer struc-
tures.

Superlattices and multilayers have received a great atten-
tion once again owing to their suitability for the generation of
magnetic skyrmions [33]. Moreover, they exhibit high signal-
to-noise ratios of magnetic signals and high thermal stabilities
of magnetic states [34]. Meanwhile because it is known that
interfacial phenomena such as DMI and SOT can be manip-
ulated by adjusting the number of interfaces, it is possible to
engineer the DMI and SOT strengths by regulating the repe-
tition number of the superlattices and multilayers [33]. There
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FIG. 1. (a) Schematic diagram of sample structure. (b) Captured charge-coupled device (CCD) image of micropatterned device. Yellow
arrow indicates current flow along the Au wire for DW writing. Orange dot presents laser-beam spot for the MOKE measurements. The inset
presents up and down magnetic domains and a magnetic domain wall, where ψ is the azimuthal angle of the DW center magnetization. (c)
Plots of MOKE signal as a function of μ0Hz with positive (blue), negative (red) current bias, and without current bias (inset). The purple arrow
presents effective field induced by the current bias. (d) Plot of μ0H eff

z as a function of J . The red dotted line indicates the best linear fitting. (e)
Schematics of the DW types and μ0Hx dependent of the azimuthal angle ψ of the DW center magnetization. (f) Damping-like SOT efficiency
εSOT = εSOT,sat cos ψ (μ0Hx ) under μ0Hx , where εSOT,sat is the SOT efficiency of the Néel-type DWs.

have been many experimental results about the DMI and SOT
in bilayer- and trilayer-layered structures, however, systematic
studies on the DMI and SOT in multilayered structures have
not been explored yet.

In this study, we systematically investigated the strength
of the interfacial DMI from the FiM/HM bilayer to the
[FiM/HM]N multilayers by varying the repetition number
N. Our experimental findings reveal that the strength of the
DMI-induced effective field decreases with N. We also inves-
tigated the dampinglike SOT efficiency as a function of N, and

the spin-Hall angle (SHA) is found to remain approximately
constant with respect to N.

II. SAMPLE PREPARATION AND EXPERIMENTAL SETUP

In this study, Ta (5 nm)/Pt(3 nm)/[Co(0.5 nm)/Gd(1 nm)/
Pt(1 nm)]N/Ta(3 nm) magnetic multilayers were fabricated
on an Si/SiO2 substrate by using DC magnetron sputtering,
where N represents the repetition number, as schematically
shown in Fig. 1(a). N was varied from 1 to 5. Please note that
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the upper limit of N was determined by the DW roughness; as
increasing N, the perpendicular magnetic anisotropy (PMA)
would be relatively weaker than the magnetostatic energy, and
thus, the DW becomes much rougher so that the uniform DW
motion cannot be observed anymore. Moreover, the homo-
geneity of the DW normal, which is an important factor in the
analysis of the SOT, is not guaranteed for N > 6. According
to our previous report [35], we indeed observed that the mag-
netic reversal phase has a gradual transition from the uniform
DW motion to the dendritic domain expansion. Meanwhile,
the films include a nonmagnetic heavy metal layer (Pt) as a
source of the spin current for the effects of spin-orbit torque
[23–28]. It must be noted that inevitable intermixing exists
between ferrimagnetic layers and heavy metal layers because
the film was fabricated by the sputtering technique. How-
ever, the transmission electron microscopy image, which was
shown in our previous report [35], revealed that the interface
between the layers is well defined, showing a low degree of
intermixing.

Figure 1(b) depicts the optical microscope image of the
device of 20-μm width and 500-μm length; the device is
optimized for observing current-induced DW motion. By
inducing a current pulse through a writing line vertically
crossing a magnetic wire, a reversed domain can be nucleated
under the writing line by the highly localized Oersted’s field
[15,16]. As a result, the initial DW can be repeatedly and
intentionally created.

To obtain the SOT and DMI, we investigate the depin-
ning field of the DWs as a function of the in-plane magnetic
field μ0Hx. The measurement procedure proposed in previ-
ous studies was applied [16,36–39]. Initially, we applied a
sufficiently strong perpendicular magnetic field (+80 mT) to
saturate the magnetization. To nucleate the reversed domain,
a current pulse was induced in the writing line [indicated
by the yellow arrow in Fig. 1(b)], thereby creating a single
reversed domain in the magnetic wire. Subsequently, under
the application of a fixed current bias, we swept the perpen-
dicular magnetic field μ0Hz until the DW reached the position
of the laser spot for the detection of the magneto-optical
Kerr effect (MOKE) signal [the laser spot as indicated by
the orange circular dot shown in Fig. 1(b)]. The inset of
Fig. 1(c) presents the normalized MOKE signal as a func-
tion of μ0Hz under J = 0 A/m2 and μ0Hx = −160 mT.
A sign inversion in the MOKE signal indicates the depin-
ning field μ0Hdep [as indicated by the orange arrow in the
inset of Fig. 1(c)]. Figure 1(c) depicts the normalized MOKE
signals as a function of μ0Hz for different bias currents of
J = ±3.6 × 109 A/m2 under a constant μ0Hx = −160 mT.
μ0Hdep is shifted under the positive and negative bias cur-
rents due to the effective magnetic field μ0H eff

z due to the
SOT [16,36–39] [as shown in Fig. 1(c)]. Here, we define
μ0H eff

z = [μ0Hdep(+J ) − μ0Hdep(−J )]/2. By repeating this
procedure under different bias currents, we measured μ0H eff

z

as a function of J for each μ0Hx. Figure 1(d) shows μ0H eff
z

as a function of the current density J for μ0Hx = −40 mT.
The slope shown in Fig. 1(d) represents the SOT efficiency
εSOT = ∂μ0H eff

z /∂J . Note that εSOT = ∂μ0H eff
z /∂J represents

the efficiency of current density J in generating an effective
magnetic field μ0H eff

z in the DW. εSOT depends on μ0Hx

because of the type of the DW [16,36–39].

The inset of Fig. 1(e) shows the schematics of the DW,
which shows μ0Hx dependent of the azimuthal angle ψ of
the DW center magnetization. The DW types can be defined
by ψ , where the Bloch-type DW corresponds to ψ = ±π/2,
the left-handed Néel-type DW corresponds to ψ = π , and the
right-handed Néel-type DW corresponds to 0 [see the top of
Fig. 1(e)]. From the counterbalance between the DMI, the DW
anisotropy energy (i.e., dipole energy from the DW magneti-
zation), and the Zeeman energy from the external magnetic
field μ0Hx, the equilibrium equations as a function of μ0Hx

are given by [11–13]

cos ψ (μ0Hx )

=
{

μ0Hx+μ0HDMI

μ0HS
for |μ0Hx + μ0HDMI| < μ0HS

±1 otherwise
, (1)

for the equilibrium angle ψ . Here, DW anisotropy field μ0HS

is 4KD/πMS that is required to achieve the Néel-type DW
from Bloch-type DW where KD is the DW anisotropy energy
density [see the green arrow in the Fig. 1(e)]. The Eq. (1)
implies that cosψ = 0 is achieved only when μ0Hx com-
pensates the DMI-induced effective magnetic field μ0HDMI

(i.e. Hx = −HDMI). Because the amplitude of the damp-
inglike SOT on the DW depends on the relative direction
between the magnetization in the DW center and the spin
current induced by heavy-metal layer [16,36–39], the damp-
inglike SOT efficiency εSOT under μ0Hx is given by εSOT =
εSOT,sat cos ψ (μ0Hx ) [see the green arrow in the Fig. 1(f)].
Please note that εSOT,sat is the SOT efficiency of the Néel-type
DWs.

III. RESULTS AND DISCUSSIONS

As shown in Fig. 2, εSOT was measured by varying the
in-plane magnetic field μ0Hx for the present sample series.
εSOT exhibits a typical antisymmetric behavior with respect to
μ0Hx. The DMI was quantified from the εSOT curves. As men-
tioned before, εSOT depends on the type of DW. Its magnitude
exhibits a maximum for the Néel-type DW (εSOT = ±εSOT,sat)
and a minimum for the Bloch-type DW (εSOT = 0) [16,36–
39]. Therefore, the x intercept (i.e., εSOT = 0) of the curves
shown in Fig. 2 corresponds to the Bloch type DW. Since the
Bloch-type DW is achieved only when μ0Hx completely com-
pensates the DMI-induced effective magnetic field μ0HDMI

[11,13,16], finding the x intercept of the εSOT curve provides
the direct determination of μ0HDMI. The determined μ0HDMI

values were plotted as a function of N, as shown in Fig. 3(a).
The magnitude of μ0HDMI decreases with N; a decrease of up
to 20% was observed. The DW barely maintains the Néel-type
DW structure when N = 5, but it is expected that the DW
will not be able to maintain the Néel-type DW structure when
N > 5.

The most important role of the DMI in spintronics ap-
plications is to stabilize the homochiral Néel-type DWs or
topological skyrmions. The “intrinsic” chirality of DWs is
determined by competition of the DMI and the dipole-dipole
interaction, which is also described in Sec. II. The dipole-
dipole interaction prefers the DW chirality to be the Bloch
type and thus, it gives rise to an effective in-plane magnetic
field HS, which is conventionally called DW anisotropy field.
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FIG. 2. Plots of εSOT as a function of μ0Hx for the present sample
series. Red dotted lines guide the antisymmetric behavior of εSOT.
Blue arrows indicate μ0Hx , which completely compensates the
DMI-induced effective field.

Introducing the concept of HS is useful because it enables di-
rect comparison to HDMI. Simply, one can categorize the DW
type of the initial state by using the ratio between HDMI and
HS; a Néel-type DW for |HDMI/HS| � 1, a transition between
the Néel-type DW and Bloch-type DW for 0 < |HDMI/HS| <

1, and a Bloch-type DW for |HDMI/HS| = 0. For example,
for the generation of homochiral Néel-type DWs or topolog-
ical skyrmions with Q = ±1, HDMI and HS should meet the
condition of |HDMI/HS| � 1. As shown in Fig. 3(a), HDMI

is observed to decrease, while HS is observed to be almost
constant by increasing N . Therefore |HDMI/HS| gradually de-
creases as N increases as shown in Fig. 3(b). In the figure,
|HDMI/HS| is barely larger than the unity, which implies that

FIG. 3. (a) Plot of μ0HDMI and μ0HS as a function of N .
(b) |HDMI/HS| as a function of N .

the homochiral Néel-type DWs can be achieved up to N = 5.
However, considering the decreasing tendency of HDMI/HS

with N, it is expected to be hard to achieve chiral spin structure
for larger N .

Subsequently, the SOT was quantified from the εSOT

curves. To consistently compare εSOT for different N, the
maximum εSOT values that corresponds to the saturation
value εSOT,sat, were adopted for the comparison, as shown
in Fig. 4(a). The maximum value of εSOT,sat monotonically
decreases with N; a decrease of up to 50% was observed,
which is similar to the behavior of the maximum μ0HDMI

shown in Fig. 3(a).
To understand the decreasing tendency of εSOT,sat, we in-

vestigated the spin-Hall angle. The SHA θSH can be extracted
from εSOT,sat by using the following relation:

θSH = (2eMStmag/h̄)εSOT,sat, (2)

where MS is the saturation magnetization, and tmag is the total
thickness of the magnetic layer. To extract the values of θSH,
the total Co/Gd layer thickness was treated as tmag, and MS

was experimentally measured using a superconducting quan-
tum interference device magnetometer at 300 K, as shown in
Fig. 4(b).

The θSH calculated using Eq. (2) was plotted as a function
of N, as shown in Fig. 4(c). θSH is found to remain constant
with N, which is a clearly different behavior from that of
εSOT,sat. The blue dot line in Fig. 4(c) corresponds to θSH =
0.13. The constant behavior of θSH can be attributed to the
negligible contribution of HM layers (i.e., Pt layers) inside the
repeated stacks to the net spin current. Under the application
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FIG. 4. Plots of (a) εSOT, sat as a function of N . Purple curve in Fig. 3(a) indicates the inverse proportionality between εSOT,sat and N .
(b) Plots of MS (red) and Keff (blue) as a function of N . The black solid line in Fig. 4(b) represents the best fitting based on Eq. (3). (c) Plot of
θSH as a function of N . The blue dotted line represents constant behavior of θSH. (d) Illustration describing the action of the spin-Hall effect in
the present multilayer system. The blue and orange boxes correspond to the heavy-metal and ferrimagnet layer, respectively. The purple and
green dashed box denotes top- and bottom-most stack and repetition stack, respectively.

of an in-plane current along the x direction, the spin-Hall-
effect-induced spin currents Stop and Sbottom diffuses from the
HM layer (blue box) to the adjacent upper and lower ferrimag-
netic Co/Gd layers (orange boxes), respectively, as shown in
the left side of Fig. 4(d). It is well known that Stop and Sbottom

has identical magnitudes but opposite polarities (i.e., Stop =
−Sbottom) [36]. Therefore, the HM layers inside repeated stack
do not contribute to the net spin current of the multilayers, as
shown in the right side of Fig. 4(d); their contributions to the
net spin current is zero (i.e., Stop + Sbottom = 0). In contrast to
these HM layers inside the repeated stack, the bottom-most
HM layer, Ta(5-nm)/Pt(3-nm), and the top-most heavy-metal
layer, Ta(3-nm), can contribute to the net spin current. It
is because the bottom- and top-most HM layers have only
one adjacent magnetic layer; one of the spin currents (Stop

or Sbottom) contributes to the net spin current. Furthermore,
εSOT,sat should be inversely proportional to N according to
the present framework; the total magnetic moments increase
with proportional to N, while the total spin current remains
constant. This inverse-proportionality is clearly observed in
Fig. 4(a) by the purple curve, which represents the best fit
based on the inverse function.

Lastly, we discuss the decreasing tendency of the perpen-
dicular magnetic anisotropy energy Keff with respect to N. Keff

can be considered to be composed of two different magnetic
anisotropy energies, KN=1 for [Co/Gd/Pt]N=1 and KN−1 for
[Co/Gd/Pt]N=1. Then, the total anisotropy energy Keff can be

written as

Keff = KN=1 + (N − 1)KN−1

N
. (3)

The black solid line in Fig. 4(b) represents the best
fitting based on Eq. (3). The best fitting parameters are
found to be KN=1 = (9 ± 1) × 104 J/m3 and KN−1 = (7 ±
1) × 102 J/m3. KN=1 � KN−1 implies that the PMA mainly
originates from the [Co/Gd/Pt]N=1 (i.e., the interface be-
tween the 3 nm-thick buffer Pt layer and the adjacent Co
layer). The negligibly small PMA for [Co/Gd/Pt]N=1 can be
attributed to the thinner Pt layers in the repetition stack [40,41]
and/or to the severe interfacial mixing between the Gd and the
Pt layers [42].

IV. CONCLUSION

In summary, we investigated the SOT and the DMI in ferri-
magnetic multilayers [Co(0.5 nm)/Gd(1 nm)/Pt(1 nm)]N by
varying repetition number of the multiplayers. The experi-
mental results revealed that the SHA remains approximately
constant with respect to the varying repetition number. This
invariance of the SHA can be attributed to the negligible
contribution of the heavy metal layers inside the repeated
stack. The ratio between DMI and dipole energy of the DW’s
magnetization decreases with respect to the repetition num-
ber, which means that it’s hard to achieve homochiral spin
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structure for larger repetition number. Our finding shows that
the SOT efficiency and the DMI-induced effective longitu-
dinal field, which determine the energy efficiency of chiral
spin object motion and the stability of the homochiral spin
structure, respectively, gradually decrease as the repetition
number increases.
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