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Spin-orbit torque (SOT) has great potential application for developing next-generation magnetic
random-access memory (MRAM). For efficient utilization of the SOT MRAM, most efforts have been
focused on reducing power consumption by improving the SOT efficiency. Here, we report that insert-
ing an ultrathin IrxMn1-x (or PtxMn1-x) layer at the heavy-metal–ferromagnet interface is an effective
strategy to increase the SOT efficiency. By performing spin-torque ferromagnetic magnetic resonance
and second-harmonic Hall measurements, we found that the absolute values of the charge-to-spin con-
version efficiency increase from 0.09 for annealed W-Co20Fe60B20 (CFB) sample to 0.15 for annealed
W-IrxMn1-x-CFB sample. The enhancement of the SOT efficiency can be attributed to the reduction of
interfacial spin-memory loss at the annealed W-IrxMn1-x (or PtxMn1-x)-CFB samples. Moreover, current-
driven magnetization switching with a reduced critical current density has been achieved in the annealed
W-IrxMn1-x-CFB samples. This study highlights the significant roles of the IrxMn1-x (or PtxMn1-x) inser-
tion layer on improving the SOT efficiency and provides a strategy to improve the SOT efficiency through
nanoengineering of the IrxMn1-x (or PtxMn1-x) insertion layer for energy-efficient SOT devices.

DOI: 10.1103/PhysRevApplied.21.014016

I. INTRODUCTION

Current-induced spin-orbit torque (SOT) in heavy-metal
(HM)–ferromagnet (FM) systems has attracted exten-
sive attention for next-generation magnetic random-access
memory (MRAM) because of their high speeds and
low power consumption [1,2]. Unlike spin-transfer-torque
MRAM, SOT MRAM allows reading and writing current
paths to be separated at three-terminal devices [3,4], with
the advantages of improved writing speed, endurance, and
energy efficiency. For efficient utilization of the HM/FM
structures in SOT-induced devices, intense efforts have
been focused on enhancing the SOT efficiency [5–9]. In
particular, previous studies showed that interfacial effects
strongly affected spin-current injection into the FM layer,
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such as spin-memory loss (SML) and spin backflow [5,10–
13]. For example, researchers have recognized that SML
at the HM-FM interfaces could reduce the interfacial
spin transparency, which may decrease the SOT efficiency
[5,14].

Lately, various studies showed that inserting ultra-
thin layers into the HM/FM structures could opti-
mize the interface and thus improve the SOT effi-
ciency. The ultrathin layers inserted at the HM-FM inter-
face can be classified as ultrathin nonmagnetic metal
(NM) or antiferromagnet (AFM) layers, e.g., Ta/Ir/CFB,
W/Ti/CFB, and Pt/NiO/CFB [15–23]. In addition, many
efforts have been directed towards improving the effec-
tive spin-mixing conductance to enhance the SOT effi-
ciency by inserting ultrathin layers at the HM-FM inter-
face [10,18]. Therefore, high-efficiency and low-power-
consumption SOT MRAM devices can be achieved by
carefully engineering the interface of the HM/FM struc-
tures. For practical applications of SOT MRAM, IrxMn1-x
(or PtxMn1-x) has been widely used in the MRAM
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industries as a key material [24]. Moreover, the
HM/CFB/MgO multilayer has been widely adopted
owing to its compatibility with the state-of-the-art tunnel
magnetoresistance ratio in the CFB/MgO/CFB structure
[25]. Heat treatment is generally also required to be com-
patible with back-end-of-the-line processes of advanced
CMOS technologies [26,27]. Therefore, a study of the SOT
efficiency of heat-treated HM/CFB/MgO structures upon
IrxMn1-x (or PtxMn1-x) insertion is essential.

Here, we study the SOT efficiency in annealed
W-(IrxMn1-x or PtxMn1-x)-Co20Fe60B20/MgO multilayers
by spin-torque ferromagnetic magnetic resonance (ST
FMR) and the second harmonic Hall technique. Compared
with the annealed W-CFB sample, the results show that the
charge-to-spin conversion efficiency increased by approx-
imately 66% and 20% for the annealed W-IrxMn1-x-CFB
and W-PtxMn1-x-CFB samples respectively. Moreover,
the current driven magnetization switching was charac-
terized using a reliable and all-electrical strategy, and
a reduced critical current density was achieved in the
annealed W-IrxMn1-x-CFB sample. We propose that the
improvement of the SOT efficiency is due to the reduc-
tion of interfacial SML at the annealed W-IrxMn1-x (or
PtxMn1-x)-CFB samples. This study demonstrates that
annealed W-IrxMn1-x (or PtxMn1-x)-CFB multilayers are
promising candidates for the low-power consumption of
SOT-induced spintronic devices.

II. EXPERIMENTAL DETAILS

A. Sample fabrication and photolithography

All film stacks studied here were grown using dc and
rf magnetron sputtering with a base pressure of about
2 × 10−8 Torr. The MgO layer was deposited using the
rf power supply for 80 W, and other metallic materi-
als were deposited using a dc power supply for 50 W
at an Ar pressure of about 6 mTorr. Film stacks of
W(3.5)/AFM(0.5)/Co20Fe60B20(2)/MgO(1.5)/Ta(1.5)

(nanometers thick) were deposited on thermally oxidized
Si substrates at room temperature. The alloy targets of
the AFM layers were Ir20Mn80 and Pt80Mn20. All sam-
ples were capped with a Ta(1.5 nm) layer to prevent
the oxidation of the multilayers. To investigate the phase
structures of the W layer, high-resolution x-ray diffrac-
tion (XRD) was performed for the W films. However, it
was found to be difficult to detect the crystal phase for
the W layer at thickness of a 3.5 nm. Then we prepared
a 10-nm W layer under the same sputtering conditions
(power P = 50 W) for crystal-phase measurements. The
rates were about 0.05 nm/s. After deposition, the samples
were annealed under vacuum (<10−6 Torr) at 250 °C for
1 h without a magnetic field. The films were then patterned
to standard Hall bars (20 × 120 μm2) and ST-FMR devices
(20 × 60 μm2) through photolithography and dry-etching
processes.

B. Magnetic and electrical property measurements

The anomalous Hall effect (AHE) and magnetic hystere-
sis (M -H ) loop of different samples were measured using
a Quantum Design physical property measurement system
magnetometer for out-of-plane and in-plane applied mag-
netic fields. ST FMR was measured using a microwave-
frequency current, I rf, with a power of 13 dBm and lock-in
detection. The in-plane magnetic field was swept at a
fixed angle, θH , of 45° with respect to the I rf. By chang-
ing the channel width and the gap between the ground
(G) and signal (S) electrodes, the impedance of the ST-
FMR device was adjusted to approximately 50 �. For
second-harmonic Hall measurements, an ac current with
a frequency of 133.3 Hz was injected into the channel of
the Hall bar structures. Here, two lock-in amplifiers were
used to measure the first- and second-harmonic Hall volt-
ages. Meanwhile, an in-plane magnetic field, H ext, with a
constant amplitude was applied. In particular, the direction
of H ext was rotated within the x-y plane. Anisotropic mag-
netoresistance (AMR) and current-induced SOT switching
were measured using a custom-made magnetoelectrical
transport measurement system. A Keithley 6221 current
source and a Keithley 2182A nanovoltmeter were used
to supply dc currents (I read) and record dc voltages (Vdc),
respectively. The AMR signals were measured using the
four-point-probe method for all samples. Current-induced
SOT switching was measured by injecting a 100-μs cur-
rent pulse into the channel path of the Hall bar without a
magnetic field via a Keithley 4200 instrument. After each
pulse, a waiting time of 1 s was considered to exclude
thermal effects. Subsequently, a small read current, I read,
and magnetic field were applied, the Hall voltage, Vdc, was
detected by a Keithley 2182 A instrument. The longitudi-
nal Hall resistance, Rxx = V/I read, was used to characterize
the magnetization state. All measurements were performed
at room temperature.

III. RESULTS AND DISCUSSION

A. In-plane magnetic anisotropy of
W/AFM/CFB/MgO

To characterize the magnetic properties of the different
multilayers, M -H and AHE measurements were performed
at room temperature. Figure 1(a) shows the in-plane M -
H loops for all the annealed samples. The amplitude
of the saturation magnetization (Ms) was approximately
1300 emu/cm3 for the annealed W-CFB sample. However,
Ms decreased in the annealed W-IrxMn1-x(PtxMn1-x)-CFB
sample. This phenomenon could be due to Mn diffusing
into CFB upon annealing at temperatures above 200 °C
[28,29], which could decrease the Ms of CFB in our
experiments. Notably, the Ms value of the Ir20Mn80-base
multilayers is smaller than those of the Pt80Mn20-base
multilayers owing to the different proportions of Mn.
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FIG. 1. (a) In-plane hysteresis loops for W-CFB, W-IrxMn1-x-CFB, and W-PtxMn1-x-CFB samples annealed at 250 °C. (b) RAHE as
a function of out-of-plane magnetic field for W-CFB, W-IrxMn1-x-CFB, and W-PtxMn1-x-CFB samples annealed at 250 °C.

The AHE curves of all the samples are presented in
Fig. 1(b). Similarly, the amplitude of RH decreased in
the annealed W-IrxMn1-x (PtxMn1-x)-CFB multilayers. The
above results show that Co-Fe-B exhibits an in-plane easy
axis in all samples. Moreover, we could determine the
value of Ms; anomalous Hall resistance coefficient, RAHE;
and effective perpendicular anisotropy field, HK ; these are
required for the determination of SOT efficiency by ST-
FMR and second-harmonic Hall measurements. To inves-
tigate the AFM properties of the 0.5-nm-thick IrxMn1-x and
PtxMn1-x layers, M -H loop measurements were performed
at different temperatures (see the Supplemental Material
[30]). The exchange-bias field (H EB) for W-PtxMn1-x-CFB
is −675 and −75 Oe at 2 and 10 K, respectively. H EB
for W-IrxMn1-x-CFB is −970 and −50 Oe at 2 and 10 K,
respectively. These results suggest that the IrxMn1-x and
PtxMn1-x layers, with a thickness of 0.5 nm, exhibit antifer-
romagnetic properties, holding long-range antiferromag-
netic ordering at low temperature. However, H EB for all
samples disappears at 300 K, which indicates that the
long-range antiferromagnetic ordering also disappears at
300 K.

B. ST-FMR results

All samples were first characterized by ST-FMR mea-
surements to evaluate the SOT efficiency. Figure 2(a)
shows a typical ST-FMR device and a schematic diagram
of the radio-frequency (rf) circuit for the W/AFM/CFB
device. As the radio-frequency charge current was injected
into the heavy-metal layer, nonequilibrium spins were gen-
erated and flowed to the W-CFB interface owing to the
spin Hall effect from the W layer. Subsequently, the spins
could be absorbed into the adjacent CFB layer to pro-
duce an oscillating dampinglike torque (τDL) and fieldlike
torque (τ FL). These torques, with the Oersted field torque
applied to the CFB magnetic moment, caused precession,
producing an oscillatory AMR in the ST-FMR device with
the same frequency. Consequently, the oscillation of the

AMR and charge current could produce a mixing volt-
age (Vmix), which could be detected by a lock-in amplifier
[41,42]. Figure 2(b) shows the ST-FMR spectra of the
annealed W-IrxMn1-x-CFB sample in the frequency range
of 5–9 GHz. For all the annealed samples, the full mag-
netic field ranges of the ST-FMR spectra are shown in the
Supplemental Material [30]. To determine the SOT effi-
ciency, we first fit the resonance spectrum with symmetric
and antisymmetric Lorentzian contributions using [43]

Vmix = VS
Δ2

Δ2 + (Hext − H0)
2 + VA

Δ(Hext − H0)

Δ2 + (Hext − H0)
2 .

(1)

Here, VS and VA are the symmetric and antisymmetric
Lorentzian coefficients, respectively; � is the linewidth of
the spectra; H 0 is the resonant magnetic field; and H ext
is the external magnetic field. The values of VS, VA, �,
and H 0 are obtained by fitting the ST-FMR spectra using
Eq. (1). Figure 2(c) shows a typical fitting of the detected
ST-FMR signal for the annealed W-IrxMn1-x-CFB sam-
ple at 6 GHz. The symmetric component is attributed to
the dampinglike torque, and the antisymmetric compo-
nent is generated by the total contribution of the fieldlike
and Oersted field torques. Notably, the symmetric compo-
nent, VS, is larger than the antisymmetric component, VA,
suggesting that a larger τDL is observed in the annealed
W-IrxMn1-x-CFB sample. Figure 2(d) shows the resonant
frequency, f, as a function of the resonant field, H 0, for
the annealed W-IrxMn1-x-CFB sample, which can be fitted
using the Kittel formula as follows [44]:

f = (γ /2π)μ0

√
(H0 + H K

‖ )(H0 + H K
‖ + 4πMeff), (2)

where γ is the gyromagnetic ratio and 4πM eff is the effec-
tive magnetization of the CFB layer. H K

‖ is the in-plane
magnetic anisotropy of the CFB layer. H K

‖ is measured
to be ≤12 Oe in all samples from AMR measurements.
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Jc
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FIG. 2. (a) Schematic of the ST-FMR measurement setup and illustration of the ST-FMR device with SOT-induced magnetization
dynamics. (b) ST-FMR spectra of the W-IrxMn1-x-CFB annealed sample in the frequency range of 5–9 GHz (dots). (c) Fitting curve
(line) of W-IrxMn1-x-CFB device at 6 GHz. (d) Resonant frequency, f, as a function of resonant field, H 0. Solid curve represents a fit
to the Kittel formula. (e) SOT efficiency, |Js/Jc|, for all the annealed samples.

The value of H K
‖ is 1–2 orders of magnitude smaller than

H 0. Therefore, to fit the Kittel formula, the error caused by
the contribution of the in-plane magnetic anisotropy field
is approximately less than 2%. From the fitting, 4πM eff
can be calculated as 0.48, 0.89, and 1 T for the annealed
W-IrxMn1-x-CFB, W-PtxMn1-x-CFB, and W-CFB samples,
respectively. Furthermore, the results from different sam-
ples show that the variation trend of 4πM eff is the same as
that of Ms from the M -H loop results. Finally, based on the
above results, the ratios of current-to-spin conversion effi-
ciency (i.e., spin Hall angle), defined as θCS= Js/Jc, can be
calculated using [43]

|θCS| = Js

Jc
= | S

A
|eμ0Mstd

�
[1 + 4πMeff/Hext)]1/2, (3)

where t and d are the thicknesses of the CFB and W
layers, respectively; e is the charge of the electron; �

is the reduced Planck constant; and µ0 is the vacuum
permeability. Figure 2(e) summarizes the calculated Js/Jc
values of the annealed samples. Consequently, Js/Jc of the
annealed W-CFB sample is −0.09 ± 0.007, and Js/Jc of the
annealed W-PtxMn1-x-CFB and annealed W-IrxMn1-x-CFB
samples increases to −0.11 ± 0.01 and −0.15 ± 0.006,
respectively. It is well known that the phase structures of
W significantly affect the spin-orbit-torque efficiency [31].
To investigate the phase structures of the W layers, XRD

was performed. However, it is difficult to detect the crys-
tal phase of the W layer at a thickness of 3.5 nm (see
the Supplemental Material [30]). The 10-nm W layer was
also grown at the same sputtering power (P = 50 W) for
crystal-phase measurements. As a result, it shows only one
α-W (110) diffraction peak for the 10-nm W layer. In this
study, the crystal phase of the W layer grown with a sput-
tering power of 50 W is α phase, which is consistent with
the findings reported in previous studies [32,33]. In this
sense, we speculate that the low spin Hall angle in this
work is probably induced by an alpha phase of the W layer
deposited with a high sputtering power in experiments. The
reason for the enhancement in θCS by insertion of the AFM
layer is discussed in the Sec. III C.

C. Second-harmonic Hall results

The dampinglike torque is the main SOT in the annealed
W/AFM/CFB samples from the ST-FMR results; thus,
the second-harmonic Hall measurements are exploited to
determine the dampinglike torque efficiency, ξDL, to fur-
ther confirm the variation in the SOT efficiency. A micro-
graph of the Hall bar device structure and an illustration
of the in-plane second-harmonic Hall measurement setup
are shown in Fig. 3(a). When the ac passes through the
W layer, the current-induced effective oscillation field can
modify the magnetization angle in the CFB layer [34].
Consequently, the first- (Rω) and second- (R2ω) harmonic
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(a) (b) (c)

(d) (e) (f)

FIG. 3. (a) Second-harmonic Hall measurements illustrated on the microscope image. (b),(c) First- and second-harmonic Hall resis-
tances as a function of in-plane angle for the W-IrxMn1-x-CFB sample annealed at 250 °C, under an external magnetic field of 600 Oe.
Solid curve represents a fitting curve. (d) 1/(H ext–HK ) dependence of the cosϕ term of R2ω for the annealed W-IrxMn1-x-CFB sample.
(e) |ξDL| and σ SHC and (f) Ks for different samples.

Hall resistances typically contain contributions from both
the AHE and the planar Hall effect (PHE). For all the
annealed samples, the first- and second-harmonic Hall
voltages as a function of the in-plane rotation angle, ϕ,
are shown in the Supplemental Material [30]. Figures 3(b)
and 3(c) show Rω and R2ω as a function of the in-plane
rotation angle, ϕ, for the annealed W-IrxMn1-x-CFB sam-
ple under an external magnetic field of 600 Oe. As shown
in Fig. 3(b), the planar Hall resistance coefficient (RPHE)
can be extracted from fitting the Rω − ϕ curve as follows
[45,46]:

Rω = RPHE sin 2ϕ, (4)

where R2ω is dominated by AHE and PHE harmonically,
as expressed by [45,46]

R2ω = 2RPHE(2 cos3ϕ − cos ϕ)
HFL + HOe

Hext

−
(

RAHE
HDL

Hext − HK
+ RT

)
cos ϕ, (5)

where H DL and H FL are dampinglike (DL) and field-
like (FL) effective fields, respectively. RT is the second-
harmonic Hall resistance coefficient owing to thermal
effects, and H Oe is the Oersted field induced by the cur-
rent flowing into the W layer. The anomalous Hall resis-
tance coefficient, RAHE, and the effective perpendicular

anisotropy field, HK , can be obtained from the above
results, as shown in Fig. 1(b). Moreover, the H ext depen-
dence of R2ω was measured to eliminate RT from the cosϕ
component to obtain H DL. Figure 3(d) shows Rcos ϕ

2ω as a
function of 1/(Hext − Hk). From the linear fitting, H DL
was calculated to be (4.78 ± 0.31) Oe for the annealed
W-IrxMn1-x-CFB sample. Similarly, H DL was calculated
to be (2.78 ± 0.31) Oe for the annealed W-PtxMn1-x-CFB
sample and (2.13 ± 0.11) Oe for the annealed W-CFB sam-
ple. Then, a dimensionless dampinglike torque efficiency,
ξDL, could be given by [21]

ξDL = 2eHDLMs

�Jc
, (6)

where Jc is the current density through W. Figure
3(e) shows the ξDL value of different samples deter-
mined using Eq. (6). The estimated values of ξDL
for the annealed samples were −0.09 ± 0.001 for
W-IrxMn1-x-CFB, −0.07 ± 0.003 for W-PtxMn1-x-CFB,
and −0.04 ± 0.005 for W-CFB. The variation trend of the
ξDL values is similar to the ST-FMR results. However, ξFL
is smaller than ξDL for all the samples, which indicates that
the dampinglike torque is the main SOT in our samples.
ξFL is also discussed for all the samples in the Supple-
mental Material [30]. Based on the second-harmonic mea-
surements, the spin Hall conductivity (σ SHC), an important
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parameter for practical applications, is calculated by [47]

σSHC = (�/2e)ξDL/ρW (7)

where ρW is the resistivity of the W layer. The val-
ues of σ SH are approximately 2.1 × 104, 3.7 × 104, and
4.7 × 104 -h/2e �−1 m−1 for the annealed W-CFB, W-
PtxMn1-x-CFB, and W-IrxMn1-x-CFB samples, respec-
tively, as shown in Fig. 3(e). The variation trend of σ SHC
among different samples is consistent with the SOT effi-
ciency.

For the underlying mechanism for the enhancement of
the SOT efficiency, we first exclude the spin-orbit-torque
contributions from the IrxMn1-x and PtxMn1-x insertion lay-
ers, because the spin Hall angle has the opposite sign to
that of the W layer [2,48]. Second, the enhancement of
the SOT efficiency is not related to the antiferromagnetic
order of IrxMn1-x and PtxMn1-x, as no long-range antifer-
romagnetic order is present at room temperature in these
insertion layers. In contrast, as we mentioned above, inter-
facial effects play an important role in spin transmission at
the HM-FM interface. Especially SML, which is the loss
of spin information due to spin-flip scattering at the inter-
face, is widely recognized to occur when the spin angular
momentum carried by the spin current fails to be trans-
ferred to the magnetic layer due to the spin-orbit scattering
occurring at the interface of the heavy metal-ferromagnetic
metal. Previous work reported that the SML at the HM-FM
interfaces could reduce the interfacial spin transparency,
which might decrease the SOT efficiency [49]. The inter-
facial effects on spin transmission could be quantified with
the effective spin-mixing conductance, G↑↓

eff [35,36]. Both
the spin-mixing conductance and the SOT efficiency are
enhanced by inserting an AFM layer in our samples (see
the Supplemental Material [30]). So, we believe that the
metallic AFM insertion layer would optimize the W-CFB
interface in our work. Previous studies demonstrated that
the HM atoms with a strong spin-orbit coupling (e.g.,
5d W, Ir, and Pt) could modify the orbital moments of
the adjacent FM atoms (e.g., 3d Co and Fe) via strong
interfacial spin-orbit coupling (ISOC) [50,51]. Recently,
Zhu et al. demonstrated that the ISOC was the dominant
mechanism for SML, which could reduce the SOT effi-
ciency [5,11]. Therefore, in this study, the possible reduced
SML was quantified by determining the interfacial mag-
netic anisotropy energy density (Ks), as an indicator of the
strength of ISOC, as follows [11]:

4πMeff ≈ 4πMs − 2Ks

Marea
, (8)

where M area is the in-plane magnetization per unit area
for each sample. As shown in Fig. 3(f), we calculated
Ks to be (0.79 ± 0.008) erg/cm2 for annealed W-CFB,
(0.37 ± 0.042) erg/cm2 for annealed W-PtxMn1-x-CFB,

and (0.29 ± 0.014) erg/cm2 for annealed W-IrxMn1-x-CFB.
As expected, the reduced Ks in annealed W/AFM/CFB
suggests degradation of the interfacial SML [4], which
would strengthen the SOT efficiency. Furthermore, it is
widely recognized that reducing SML would result in a
decrease in magnetic damping [9,37]. Based on the ST-
FMR results, magnetic damping is studied by the linear
fitting of the resonance linewidth, �, with respect to fre-
quency, f (see the Supplemental Material [30]). The mag-
netic damping is 0.0227 ± 0.0007, 0.0157 ± 0.0006, and
0.0163 ± 0.0007 for the annealed W-CFB, W-PtxMn1-x-
CFB, and W-IrxMn1-x-CFB samples, respectively. As
expected, by inserting the AFM layer in our samples,
the interfacial spin-memory loss is reduced, leading to a
decrease in the damping coefficient. We suggest that Mn,
a 3d element with weaker spin-orbit coupling compared to
W, is likely to lead to a reduction of the spin-flip scattering
at the interfaces. As a result, SML is reduced at the W-CFB
interface by the insertion of IrxMn1-x or PtxMn1-x at the
interface. Consequently, SML at the interface is reduced,
leading to a decrease in α and an increase in the SOT
efficiency. In this work, H EB for all samples disappears
at 300 K, which indicates that long-range antiferromag-
netic ordering also disappears at 300 K. Thus, in this work,
the enhanced SOT efficiency achieved by inserting the
IrxMn1-x or PtxMn1-x layer at room temperature is not asso-
ciated with the antiferromagnetic properties. Therefore,
this result could explain the enhancement of θCS and ξDL
in the annealed W/AFM/CFB samples compared with the
annealed W-CFB samples.

D. Spin-orbit-torque switching

A reliable and all-electrical strategy was used to probe
SOT-induced magnetization switching by analyzing the
AMR signal [52,53]. The strategy was implemented to
demonstrate that the SOT efficiency enhancement could
reduce the critical SOT switching current density. Fig-
ures 4(a) and 4(b) illustrate the process diagrams of the
magnetization-switching measurements. The pulse cur-
rent, I pulse, sweeps from negative to positive values and
returns to negative values without an external mag-
netic field. After each pulse current, the read currents,
I read (1 mA), and assisting magnetic field, H assist (±7
or ±6 Oe), were applied to detect the AMR signals.
Figure 4(c) shows Rxx as a function of the in-plane mag-
netic field along the y direction for annealed W-CFB
and the origin of these two different resistance states in
Rxx. Rxx of the device can be switched between a high-
resistance state and a low-resistance state at a critical
switching current density of Jp ≈ 2.4 × 107 A/cm2 [Figs.
4(d) and 4(e)]. Notably, the polarities of the current-
induced switching loops are opposite when the opposite
assisting magnetic field is applied. Similarly, deterministic
current-induced magnetization switching can be realized
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(a) (b)

(c) (d) (e)

(f) (g) (h)

(i) (j) (k)

FIG. 4. (a) Measurement sequence for the switching experiment. (b) Switching and AMR measurements illustrated on a micro-
scope image. (c)–(e) AMR loops obtained for the W-CFB annealed sample and the variation in resistance versus current density with
H assist =∓6 Oe. (f)–(h) AMR loops obtained for the W-PtxMn1-x-CFB annealed sample and the variation in resistance versus current
density with H assist =∓7 Oe. (i)–(k) AMR loops obtained in the W-IrxMn1-x-CFB annealed sample and the variation in resistance
versus current density with H assist =∓7 Oe.

in the annealed W-PtxMn1-x-CFB and W-IrxMn1-x-CFB
samples, as shown in Figs. 4(f)–4(k). As expected, the
lowest critical switching current density was approxi-
mately 1.5 × 107 A/cm2 for the annealed W-IrxMn1-x-CFB
sample, which was smaller than that of 2 × 107 A/cm2

for the annealed W-CFB sample and 2.4 × 107 A/cm2

for the annealed W-PtxMn1-x-CFB sample. However, it

is worth noting that the critical current density in the
annealed W-PtxMn1-x-CFB sample is higher than that of
the annealed W-CFB sample, which is inconsistent with
the results from ST-FMR and second-harmonic Hall mea-
surements. Since the critical current density is proportional
to the Hc/ξDL [47,53], we believe that the extrinsic value of
coercivity, Hc, is essential for SOT-induced magnetization
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switching, and Hc could be affected by the micrometer
size of the devices [54]. As shown in Figs. 4(f) and 4(c),
the value of Hc for the annealed W-PtxMn1-x-CFB sam-
ple (12 Oe) is larger than that of the annealed W-CFB
sample (9 Oe), producing a slightly larger current density
in the annealed W-PtxMn1-x-CFB sample. Therefore, these
results suggest that the annealed W-IrxMn1-x-CFB sample
might be the most optimized sample for SOT-based appli-
cations owing to its low critical current density and high
SOT efficiency.

IV. CONCLUSION

We studied the SOT efficiency in annealed W-IrxMn1-x
(or PtxMn1-x)-CFB samples. Based on ST-FMR and
second-harmonic Hall measurements, we showed that
the SOT efficiency could be enhanced by inserting an
IrxMn1-x (or PtxMn1-x) layer at the W-CFB interface. More-
over, in-plane magnetization switching with a reduced
critical current density was achieved in the annealed
W-IrxMn1-x-CFB sample. The enhanced SOT efficiency
in annealed W-IrxMn1-x (or PtxMn1-x)-Co-Fe-B could
be attributed to the decrease in interfacial spin-memory
loss. This study provides a strategy to improve the
SOT efficiency through nanoengineering of the IrxMn1-x
(or PtxMn1-x) insertion layer for low-power-consumption
SOT-induced spintronic devices.
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