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ABSTRACT

The spin current can be generated by passing an electric current through a heavy metal. The spin current generation depends on the spin
Hall angle (hsh) of the material. To manipulate the effective hsh, a thin layer of Au has been introduced at the bottom Pt/Co and the top Co/Pt
interfaces in Ta/Pt/Co/Pt based perpendicularly magnetic anisotropy systems, and current-induced magnetization reversal of Co has been
studied to estimate Jc. The introduction of the Au layer at the top Co/Pt interface (Ta/Pt/Co/Au/Pt) did not produce any significant reduction
in the Jc. However, a significant reduction of Jc (� 34%) has been observed, while the Au layer has been deposited at the bottom Pt/Co inter-
face (Ta/Pt/Au/Co/Pt), indicating an enhancement in the value of hsh. We also performed a micromagnetic simulation to understand
the qualitative change of the hsh. Micromagnetic simulation suggested that the hsh becomes 0.07 in Ta/Pt/Au/Co/Pt multilayer compared to
hsh ¼ 0:05 of the Ta/Pt/Co/Pt system. Pt/Co/Au/Co/Au exhibits a reduction in Jc up to � 30% and corresponds to hsh ¼ 0:09. A Ta capping
layer has been introduced to inject more spin current into the Co layer since Pt and Ta have opposite spin Hall angles. The Jc lowers up to
�58% in Ta/Pt/Au/Co/Pt/Ta multilayer, corresponding to hsh ¼ 0:23. We also achieved field-free switching at Jc ¼ 1:55� 1011 by depositing
an in-plane magnetized layer of Co in Ta/Pt/Au/Co/Pt/Ta/Co/Pt multilayer.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0181184

Heavy metal (HM)/ferromagnet (FM)/heavy metal and HM/FM/
metal-oxide multilayer thin films are widely studied since they exhibit
remarkable interfacial properties. The surface anisotropy dominates
over the bulk anisotropy at the HM/FM interface to realize the perpen-
dicularly magnetic anisotropy (PMA) system in which the easy axis of
magnetization lies perpendicular to the film plane. The PMA systems
are known to host chiral domain walls of N�eel type1–6 and other com-
plicated spin-textures7–11 supported by the interfacial Dzyaloshinskii–
Moriya interaction (iDMI),12–15 which is also emerging from the HM/
FM interface.16,17 The HM layer converts an applied longitudinal
charge current (Jq) to a transverse spin current (Js) of the fixed direc-
tion of spin polarization (r̂) due to the spin Hall effect (SHE). This
charge-to-spin conversion ratio is characterized by the spin Hall angle
(hsh) and expressed as hsh ¼ ð2e=�hÞ Js=Jq. The direction of spin polari-
zation of the generated spin current is given by r̂ ¼ Ĵq�Ĵs. Injection
of this spin-polarized current into an adjacent FM layer applies spin–
orbit torque (SOT) on the magnetization of the FM layer to

manipulate the magnetization. The SOT-driven domain walls and sky-
rmions can achieve very high velocity in the PMA systems.

The current-induced magnetization reversal (CIMR) in the PMA
systems18–21 using SOT attained immense attraction for their potential
use in nonvolatile memory devices. The spin-polarized current gener-
ally gives rise to two SOT terms in the magnetization dynamics gov-
erned by the Landau–Lifshitz–Gilbert (LLG) equation. Both of these
two SOT terms are magnetization (m̂) dependent22,23 and often
labeled as field-like torque (sFL � Jq m̂�r̂) and damp-like torque
(sDL � Jq m̂�r̂ � m̂). The strength of the SOT also depends on the
hsh of the HM layer. It is, therefore, desirable to have a large hsh to
enhance the performance of the SOT-based devices. Different combi-
nations of HM/FM18,24–28 and HM-alloy/FM29,30 interfaces have been
investigated in the recent past to evaluate hsh. It has been observed that
HMs like Ta, Pt, W, Pd, etc., have large hsh because of their significant
spin–orbit coupling strength. The HM/FM interface plays a major role
in SOT strength as there can be spin memory loss31,32 or the spin
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backflow33 at the interface, lowering the hsh of HM/FM interface. In
HM/FM/FM based PMA systems, the top HM layer acts as a capping
layer. The top and bottom HM layers can generate spin currents of
opposite polarization, thus reducing the spin current available for pro-
ducing SOT. To distinguish the independent contribution to the spin
current arising from the top and bottom heavy metal layers, the term
effective hsh has been introduced. The effective hsh can be treated as
the spin Hall angle of the multilayer. Also, two different HMs with
opposite signs of hsh have been introduced on both sides of the FM
layer34–38 to enhance the system’s effective hsh. In this work, Ta/Pt/Co/
X multilayers with different capping layers (X¼Pt, Au, Ta) were
investigated to estimate critical current density of magnetization
switching. We deposited three samples, namely, M1 (Ta/Pt/Co/Pt),
M2 (Ta/Pt/Co/Au/Pt), and M3 (Ta/Pt/Au/Co/Pt) for X¼Pt. The Au
layer has been introduced to modify the top Co/Pt and bottom Pt/Co
interfaces in M2 and M3, respectively. For X¼Au, two samples were
prepared, one with Au as a capping layer denoted as M4 (Ta/Pt/Co/
Au) and another with an Au layer introduced at the bottom Pt/Co
interface denoted as M5 (Ta/Pt/Au/Co/Au). Three samples were pre-
pared for X¼Ta. The three samples are denoted as M6 (Ta/Pt/Co/Pt/
Ta), M7 (Ta/Pt/Au/Co/Pt/Ta), and M8 (Ta/Pt/Au/Co/Pt/Ta/Co/Pt).
The schematic diagram of all the samples has been presented in Fig. 1.

All samples presented in Fig. 1 were deposited on oxidized silicon
wafer (with 280 nm SiO2) using D.C. magnetron sputtering technique
at room temperature at an Argon pressure of 5� 10�3 mbar. A digital
thickness monitor (DTM) monitored the growth rate of each layer
kept very near to the substrate. The uniformity of the deposited films
was ensured by rotating the substrate with a stepper motor at a rota-
tion speed of 30 rpm. The average growth rate of Pt, Ta, Au, and Co
was 0.044, 0.030, 0.069, and 0.019 nm/s, respectively. X-ray reflectivity
(XRR) measurements were carried out to quantify the thickness and
interface roughness of all samples (details in Fig. S1). Magnetic charac-
terizations were performed using the vibrating sample magnetometry
(VSM) technique at room temperature (Fig. S2). The CIMR measure-
ments have been carried out after pattering the samples into 100lm
long and 10lm wide devices prepared by standard photo-lithography
technique followed by Ar-ion etching (Fig. S4). To perform CIMR
measurements, the samples were first saturated by applying a large
out-of-plane (OP) magnetic field (Hz), and variable current pulses of
pulse width 50 ls were then applied from a Keithley 6221 current
source in the presence of an in-plane (IP) magnetic field (Hx) to deter-
mine the switching current density (Jc). The current density is calcu-
lated by dividing the current by the cross-sectional area

(multilayer thickness� devicewidth) of the devices. The magnetiza-
tion states were captured using the differential Kerr microscopy tech-
nique in the polar mode. We also performed micromagnetic
simulations using Ubermag, an OOMMF-based python package.39,40

The current-induced magnetization switching in PMA systems
can be explained from the domain wall dynamics of chiral N�eel walls
under the influence of SOTs. The inversion asymmetry at the HM/FM
interface generates iDMI that stabilizes the N�eel wall with chirality
fixed by the direction of the effective iDMI field (HDMI). The effective
fields associated with sFL and sDL can be represented as HFL � �r̂
and HDL � �r̂ � m̂, respectively. HDL, also named as the anti-
damping field, is the most relevant term that takes part in magnetiza-
tion switching. The magnetization reversal can be explained as a two-
step process.41,42 The first step involves the current-induced nucleation
of reversed domains of smaller size. In the second step, the SOT-
driven motion of the N�eel wall in the presence of Hx takes place, and
the magnetization reverses. The details of the switching process are
depicted in Fig. 2. In Fig. 2, a domain with magnetization, �Mz , is
nucleated in a completely saturated FM layer of magnetization, þMz .
The N�eel type of domain wall is formed, and the chirality is fixed
according to the sign ofHDMI. When current is applied, theHDL acting
on the moment inside the domain wall is represented as Heff

z , and the
direction ofHeff

z is represented using arrows in Fig. 2. In the absence of
IP field (Hx¼ 0), both the domain walls have same velocity (vDW) in
the same direction [Fig. 2(a)]. The domain wall motion is observed in
this case. Thus, magnetization reversal is not realized for Hx¼ 0.
When the Hx is applied along the þx direction, the moments inside
the domain wall align with the IP field, and the Heff

z on both the
moments is directed along the �z direction. Both the domain walls
will have velocities in the direction shown in Fig. 2(b). Here, the veloci-
ties of the domain walls lead to the expansion of the nucleated domain.
As a result, the magnetization reverses to �Mz from þMz . The mag-
netization reversal can be seen in this case. On the contrary, as the cur-
rent direction is reversed, the Heff

z on the moments inside both walls
also reverses towardþHz . The nucleated domain will shrink according
to the direction of vDW, and final magnetization attains the þMz state
[Fig. 2(c)]. This explains that the IP bias field (Hx) parallel to the cur-
rent direction is necessary for magnetization reversal. Also, the magne-
tization reversal from þMz to �Mz can be seen only for þHx and
þJx. Similarly, if the FM layer is initially saturated along �Mz , the
reversal to the þMz state requires þHx and �Jc. The magnetization
state with respect to current density (J) has been shown in Fig. 3(a).

FIG. 1. Schematic diagram of the prepared samples. The magnetization of the Co
layer has been indicated by the arrows.

FIG. 2. The magnetization reversal process. (a) The current-induced domain wall
motion for Hx¼ 0. The domain expansion in the presence of (b) Hx and Jx > 0 and
(c) Hx and Jx < 0. The magnetization configuration inside the domain wall has
been shown to find out the HDL acting on moment inside the domain wall (Heff

z ). The
direction of Heff

z has been indicated with the arrows. Also, the domain wall velocities
(vDW) have been marked to understand the reversal process.
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The Jc of the samples (M1, M2, and M3), (M4 and M5), (M6 and
M7), and M8 as a function of Hx has been displayed in Figs. 3(b), 3(c),
3(d), and 3(f), respectively. The Jc lowers with an increase in Hx for all
the samples. The maximum Jcð¼ 3:13� 1011 A=m2Þ has been
observed for the sample M1 at Hx ¼ 100mT. At the same Hx, the
Jcð¼ 2:96� 1011 A=m2Þ becomes slightly lesser for the sample M2. In
Pt/Co/Pt systems, spin-polarized currents of the same polarity are
introduced to the Co layer from the bottom and top Pt layers. As a
result, the effective hsh of the system reduces and results in a high Jc
value for the magnetization reversal. In M1, the spin-polarized elec-
trons with opposite r̂ have been injected into the Co layer from bot-
tom Pt/Co and top Co/Pt interfaces, and the higher Jc is observed for
M1. However, the behavior differs at Hx ¼ 10mT. At Hx ¼ 10mT,
the Jcð¼ 3:69� 1011 A=m2Þ for the sample M2 is slightly higher than
the Jcð¼ 3:56� 1011 A=m2Þ of the sample M1. This behavior at a
lower IP magnetic field cannot be explained with the help of effective
hsh alone. In addition, M2 has higher Deff than M16 that can also play a
significant role in explaining the reduction of the Jc as well as
the nature of Jc vs Hx graph. For the sample M3, the Jc reduces to
2:35� 1011 A=m2 at Hx ¼ 10mT, which is � 34% reduction in Jc
with respect to the sample M1. In sample M4, magnetization reversal
has been observed for Jc ¼ 3:46� 1011 A=m2 at Hx ¼ 10mT. The
sample M6 comprises Pt/Co and Co/Au interfaces, where only the Pt
layer generated electrons through the spin Hall effect instead of the Au
layer that contributes negligibly small spin current.45 The effective hsh

is expected to be large in M4.43 However, we only observed � 8%
reduction of Jc as compared to the sample M1 at Hx ¼ 10mT, which
suggests the effective hsh is not large enough compared to the sample
M1. This might be because of the fact that the top Pt layer is very thin
(thickness �1 nm) in M1 and does not generate many spin-polarized
electrons. The asymmetric cancelation of spin current from bottom Pt/
Co and top Co/Pt gives rise to sufficient SOT to switch the magnetiza-
tion of sample M1 at Jc ¼ 3:56� 1011 A=m2. It has been confirmed in
an earlier report that even the symmetric thickness of Pt in the Pt/Co/
Pt system deposited on the SiO2 substrate can have non-zero field-like
and damp-like torque46 to realize magnetization switching. Thus, cap-
ping with the Au layer does not reduce the Jc much in the sample M4.
The current density was reduced to Jc ¼ 2:49� 1011 A=m2 at
Hx ¼ 10mT in the sample M5, which is �30% reduction in Jc com-
pared to the sample M4. The modification of the bottom Pt/Co inter-
face with the introduction of the Au layer in both the Ta/Pt/Co/Pt and
Ta/Pt/Co/Au multilayers enhances the effective hsh and results in a sig-
nificant reduction of Jc compared to the modification of top Co/Pt
interface with the Au layer. The samples M3 and M5 have similar layer
configurations except the capping layer. The M5 is expected to have
lower Jc as the capping layer is Au as opposed to M3, where cancel-
ation of spin current is possible by the spin current generated from the
Pt capping layer. However, we observed a higher Jc for the sample M5.
Sample M3 has more asymmetry around the Co layer than the sample
M5. So, the DMI of sample M5 is expected to be lower than that of the

FIG. 3. (a) The magnetization reversal as a function of current density at Hx ¼ �50 and Hx ¼ þ50mT of the sample M1. The current (Jc) required for magnetization reversal
as a function of in-plane bias magnetic field (Hx) of (b) M1, M2, and M3, (c) M4 and M5, and (d) M6 and M7. The switching from þMz state to �Mz has been observed for
(þJx ;þHx ) for all the samples. (e) The field-free magnetization reversal as a function of current density at Hx ¼ 0mT of the sample M8. The images taken from a differential
Kerr microscope of the fabricated device have been shown in the inset. The darker (brighter) pixels represent the magnetization corresponding to �Mz ðþMzÞ state. (f) Jc with
respect to Hx of M8. The switching from �Mz state to þMz has been observed for (þJx ;þHx ) as opposed to other samples.
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sample M3. The lower value of Deff may result in a high Jc in M5. To
further investigate the effect of the Au layer introduced at the bottom
Pt/Co interface and reduce the current density of magnetization rever-
sal, we have introduced the Ta capping layer that is known to have a
negative spin Hall angle in the sample M7. To compare the reduction
of the Jc of M7, we also deposited M6. A thin Pt layer of thickness
0.5 nm has been introduced between the top Co and Ta layers to
improve the interface quality and achieve PMA. The Pt layer thickness
has been kept lower to minimize the spin current generation from this
layer. The introduction of spin current with same spin polarization (r̂)
from both sides of the Co layer reduces the Jc to 3:29� 1011 A=m2 in
the sample M6 [Fig. 3(d)]. The introduction of the Au layer at the bot-
tom Pt/Co interface leads to � 55% reduction of Jc ð¼ 1:48�
1011 A=m2Þ in the sample M7 with respect to M6. The reduction of Jc
can be attributed to the improvement of spin transparency of Pt/Au/
Co interface leading to an increase in effective hsh of the system. In the
Pt/Co interface, the spin current faces more dephasing47 due to
proximity-induced magnetization (PIM) in the Pt.48,49 Introduction of
the Au layer reduces the PIM in the Pt,50 which leads to less dephasing
of spin current,51 and the spin transparency of Pt/Au/Co interface
increases with respect to the Pt/Co interface.47 To achieve field-free
switching, we prepared sample M8 with an additional in-plane magne-
tized (IMA) Co layer of 3 nm on top of the Ta layer. The magnetiza-
tion states captured by the Kerr microscope reveal the deterministic
switching of magnetization at Hx¼ 0mT as shown in Fig. 3(e). The
sample was pre-magnetized with Hx ¼ �30mT, and then Hx was
removed before the current-induced measurement. The current den-
sity for field-free switching has been observed at
Jc ¼ 1:55� 1011 A=m2. The IMA and PMA layers of Co are coupled
through interlayer exchange coupling (IEC). The IEC introduces an
in-plane magnetic field HIEC in the direction opposite to the magneti-
zation of the IMA layer. The IEC has been observed in Ta/Pt/Co/Ta/
Co/Pt multilayer.52 The HIEC tilts the magnetization of the PMA layer,
and field-free switching was observed. The switching sense observed
here was different from the other samples [Fig. 3(a)] due to the HIEC

(details in Fig. S5). The variation of Jc with Hx has been presented in
Fig. 3(f). At Hx ¼ 10mT, the Jcð¼ 1:33� 1011Þ reduced up to� 60%
with respect to M4.

To understand the role of iDMI and spin Hall angle in magneti-
zation reversal, micromagnetic simulation has been performed, solving

the Landau–Lifshitz–Gilbert–Slonczewski equation with the damping
constant, a ¼ 0:5,53 and the exchange stiffness constant,
A ¼ 1:6� 10�11.1,5 The magnetic properties (Ms; Keff ) of the samples
as obtained from the experiment have been defined in the simulations.
The iDMI strength (Deff) and the spin Hall angle (hsh) have been varied
to compare the experimental results. The simulation results suggested
that the increase in Deff or hsh leads to a reduction in Jc (Fig. S6). The Jc
as a function of Hx obtained from simulations has been displayed in
Fig. 4. All the simulation parameters have been summarized in Table I.
For the simulation of Jc of the sample M1, the parameters have been
chosen as Deff ¼ 0:25mJ=m2 (Ref. 6) and hsh ¼ 0:05 (Refs. 54 and
55) from the literature. It has been previously observed that the Deff

increases with the introduction of the Au layer at the top Co/Pt inter-
face in M2. To simulate Jc of M2, the Deff ð� 0:75mJ=m2Þ has been
taken from the literature for similar sample.6 The hsh ¼ 0:042 was
obtained from the simulations to match the % reduction of Jc with the
experimental results. To understand the reduction in Jc for M3, the
simulations were first carried out by fixing hsh ¼ 0:05 and varying the
Deff. Deff � 2:00mJ=m2 was obtained from simulation to match up
for the 30% reduction in Jc (Fig. S6). The Deff in these multilayers can
be visualized from the three-atom model proposed by Yang et al.,17

where the DMI is introduced in FM atom from nearby HM atoms. As
shown in the literature, the Deff of the Au/Co interface is much smaller
than Pt/Co interface.17,56,57 In the case of M3, since an Au layer is
introduced at the bottom Pt/Co interface, it is very difficult to justify
such a high magnitude of Deff for Ta/Pt/Au/Co/Pt multilayer obtained
from simulation. Thus, to simulate Jc vs Hx, we have fixed an interme-
diate value of Deff ¼ 0:50mJ=m2 and obtained hsh ¼ 0:07 to achieve
� 36% reduction in Jc (Fig. S6). The Deff ¼ 1:00mJ=m2 (Ref. 43) has
been chosen for the simulation of M4, and the hsh ¼ 0:064 was
obtained from simulations. The simulation suggests an increment in
hsh of M4 compared to M1, consistent with our discussion of spin cur-
rent generation described earlier. In M5, we have taken a moderate
value of Deff since both sides of the Co layer consist of the Au layer.
The hsh ¼ 0:09 was obtained from the simulations. Similarly for M6,
the Deff ¼ 1:10mJ=m2 has been taken from the literature.38,44,58 The
hsh ¼ 0:09 was obtained for the sample M6, and this value agrees well
with the literature.38 One important point to note here is that though
the Jc of M6 has been reduced only 7% with respect to M1, the hsh of
M6 increased significantly. This can be attributed to the fact that the

FIG. 4. Simulation results of switching current density (Jc) as a function of in-plane magnetic (Hx) of (a) M1 (Ta/Pt/Co/Pt), M2 (Ta/Pt/Co/Au/Pt) and M3 (Ta/Pt/Au/Co/Pt), (b) M4
(Ta/Pt/Co/Au) and M5 (Ta/Pt/Au/Co/Au), and (c) M6 (Ta/Pt/Co/Pt/Ta) and M7 (Ta/Pt/Au/Co/Pt/Ta).
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Keff of M6 is higher than M1 (Table S2). Again for the sample M7, a
moderate value of Deff ¼ 0:55mJ=m2 has been considered for simula-
tion, and hsh ¼ 0:23 was obtained to match up with the� 57% reduc-
tion of Jc. The extracted values of hsh cannot be treated as the absolute
value of the multilayers since the effect of disorder and Joule heating
has not been included in the simulation (more detail in Sec. S6).

In conclusion, three sets of PMA samples were prepared to study
the current-induced magnetization switching. One set involves Ta/Pt/
Co/Pt based multilayers where the top Co/Pt and bottom Pt/Co inter-
face have been modified by depositing an Au spacer layer to prepare
Ta/Pt/Co/Au/Pt and Ta/Pt/Au/Co/Pt, respectively. Another set com-
prises Ta/Pt/Co/Au and Ta/Pt/Au/Co/Au multilayers. The third set
consists of three samples, Ta/Pt/Co/Pt/Ta, Ta/Pt/Au/Co/Pt/Ta, and
Ta/Pt/Au/Co/Pt/Ta/Co/Pt. The CIMR study suggested that the current
density of magnetization switching (Jc) can be lowered significantly
when the Au layer is introduced at the bottom Pt/Co interface. The
reduction of Jc up to � 58% has been observed for Ta/Pt/Au/Co/Pt/Ta
sample as compared to the Ta/Pt/Co/Pt sample. The field-free magne-
tization switching was also observed in Ta/Pt/Au/Co/Pt/Ta/Co/Pt
multilayers for Jc ¼ 1:55� 1011 A=m2. We also performed micromag-
netic simulations to estimate the effective spin Hall angle of the multi-
layers, defining simulation parameters from literature and
experiments. Our study demonstrates an alternative way to manipulate
the effective spin Hall angle of PMA systems to reduce the Jc, which
will be immensely helpful for constructing high-density magnetic data
storage devices.

See the supplementary material for the details of XRR fitting,
magnetic measurement, the device, the effect of Joule heating, field-
free switching, and micromagnetic simulation.
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