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Magnetic heterostructures consisting of high-resistivity (238 6 5 mX cm)-W/CoFeB/MgO are pre-

pared by sputtering and their spin-orbit torques are evaluated as a function of W thickness through

an extended harmonic measurement. W thickness dependence of the spin-orbit torque with the

Slonczewski-like symmetry is well described by the drift-diffusion model with an efficiency

parameter, the so-called effective spin Hall angle, of�0.62 6 0.03. In contrast, the field-like spin-

orbit torque is one order of magnitude smaller than the Slonczewski-like torque and shows no

appreciable dependence on the W thickness, suggesting a different origin from the Slonczewski-

like torque. The results indicate that high-resistivity W is promising for low-current and reliable

spin-orbit torque-controlled devices. Published by AIP Publishing.
https://doi.org/10.1063/1.5027855

The in-plane current flowing into magnetic heterostruc-

tures has been found to give rise to torques, spin-orbit torques

(SOTs), acting upon the magnetization as a consequence of the

spin-orbit interaction, such as the spin Hall effect (SHE)1,2 and

the Rashba-Edelstein effect.3,4 Recent studies have shown that

the SOT accomplishes efficient magnetization switching,5–7

and is recognized as a key ingredient for high-performance

spintronic memory devices.8 The SOT has two vector compo-

nents with different symmetries, namely, the Slonczewski-like

(SL) torque with m � (m � r) symmetry and the field-like

(FL) torque with m � r symmetry, where m is the unit vector

of magnetization and r is the spin accumulation vector. The

efficiency of SOT generation under a given current density J is

characterized by dimensionless parameters9

nSL FLð Þ ¼
2eHSL FLð ÞmS

�hJ
; (1)

where e is the electron charge, HSL(FL) the effective fields of

SL(FL) torques, mS the spontaneous magnetic moment per unit

area, and �h the Dirac constant. nSL corresponds to the effective

spin Hall angle hSH
eff, in case the SL torque originates from a

bulk SHE inside a layer with its thickness sufficiently greater

than the spin diffusion length. A large nSL is desirable to achieve

a small critical current for SOT-induced magnetization switch-

ing. Up to now, a relatively large nSL has been reported for het-

erostructures with Pt,5,9–12 Ta,6,7,12–14 W,12,15–21 Hf,16,22,23

PtMn,24,25 and so on.26–30 Among them, W is a leading candi-

date for applications due to the large nSL of �0.2 to �0.5. It

was also found that nSL can be enhanced by increasing the W

resistivity in the range of 100–200 mX cm.20 Thus, the first focus

of this study is to examine whether nSL can be further enhanced

by increasing the W resistivity. Meanwhile, the FL torque in

systems with W has not been investigated well. The FL torque

was also found to effectively reduce the critical current in nano-

scale devices31 and also govern the spatial evolution of magneti-

zation switching in sub-micrometer-scale devices;32 however, a

recent study pointed out that it could cause switching-back

events through a domain wall reflection at the sample edge.33

Thus, the quantification of the FL torque for heterostructures

with W is of equal importance and is the second focus of this

work. In addition to the above, the origin of SL and FL torques

has been a long-standing debatable issue and is also addressed

in this work. To this end, here, we prepare W/CoFeB/MgO het-

erostructures, where W has various thicknesses and has a higher

resistivity than previous studies. We evaluate both components

of SOT by the extended harmonic Hall resistance measure-

ment.34,35 The thickness of CoFeB is designed to show an in-

plane easy axis because of its promising potential for high-speed

memory applications36,37 and capability to exclude non-

negligible thermoelectric effects by analysis.34,35

All the samples are deposited on thermally oxidized Si

substrates by DC/RF magnetron sputtering using Ar as an inert

gas. The stacks consist of, from the substrate side, W(tW)/

CoFeB(2.0)/MgO(1.3)/Ta(1). Nominal thicknesses in nm indi-

cated as the numbers in parentheses are controlled by the depo-

sition time based on the deposition rates of each material,

which are confirmed by X-ray reflectivity measurements. The

deposition conditions of W, especially the Ar gas pressure dur-

ing the sputtering is tuned, so that the W layer shows high resis-

tivity. The actual Ar gas pressure in the deposition chamber is

0.25 Pa and the deposition rate of W is 0.010 nm/s. The W

thickness tW is varied in the range of 1–6 nm. Magnetization

curves of blanket films are evaluated with a vibrating sample

magnetometer, from which mS is determined to be 2.44 6 0.09

T nm. The stacks are processed into Hall bar devices with the
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channel size of 10� 50 mm2 by photolithography and Ar ion

milling. The effective fields of SL and FL SOTs are evaluated

from the extended harmonic Hall resistance measurement,

which is capable of excluding the thermoelectric effects origi-

nating from the anomalous Nernst and spin Seebeck

effects.34,35 The schematic diagram of the measurement setup

is shown in Fig. 1(a). An in-plane external magnetic field Hext

with various magnitudes is rotated in the film plane, whose

direction is represented by the azimuthal angle /H. 10-Hz AC

is applied to the channel and the first and second harmonic Hall

voltages are measured by a lock-in amplifier. All measurements

are conducted at room temperature.

We first evaluate the resistivity of each layer of the

deposited stacks. To quantify the W resistivity qW, the chan-

nel resistance of Hall bar devices with various tW is measured

and the conductance is plotted as a function of tW, as shown in

Fig. 1(b). qW is obtained to be 238 6 5 mX cm from the slope.

The intercept represents the conductance of a CoFeB layer.

MgO and top Ta layers are found to be insulating. From the

obtained qW and the total channel conductance, the current

density JW flowing into the W layer is calculated for each tW.

We then evaluate the SOT using the Hall devices. The out-

of-plane magnetic field (HZ) dependence of the Hall resistance

(RHall) is first measured to quantify the saturation value of the

anomalous Hall resistance RAHE and the effective perpendicular

magnetic anisotropy field HK
eff, which are necessary to analyze

the SOT. Figure 1(c) shows a RHall vs. HZ curve in the Hall

device with tW¼ 1 nm. The result shows a typical behavior

when a magnetic field is applied along the hard axis, indicating

that the fabricated device has an in-plane magnetic easy axis. In

this configuration, the ordinary Hall effect (OHE) and the

anomalous Hall effect (AHE) contribute to RHall. RAHE is deter-

mined from the intercept on the vertical axis of the linear fit to

the data in high-field regimes (red lines), in which magnetiza-

tion saturates to the out-of-plane direction and RHall originates

in only OHE. HK
eff is determined from the x-component of

intersection between the linear fits in the high-field regimes

and a linear fit in the low-field regime (green line) where mag-

netization is raised from the in-plane direction by HZ and RHall

originates in both OHE and AHE. The obtained m0HK
eff is

�360 to �400 mT and has no clear trend with respect to tW,

whereas RAHE monotonically decreases with increasing tW due

to a reduction of current flowing into the CoFeB layer.

Figures 2(a) and 2(b), respectively, show the first (Rx)

and second (R2x) harmonic Hall resistances as a function of

/H for various tW. Because CoFeB used in this study has an

in-plane easy axis, Rx is dominated by the planar Hall resis-

tance and thus is represented as34,35

Rx ¼ RPHE sin 2/; (2)

where RPHE is the planar Hall resistance coefficient and /
the azimuthal angle of magnetization from the x axis. In the

Hall bar structure, the in-plane anisotropy is negligibly

small, and one can expect that the magnetization follows the

magnetic field (/¼/H). We confirm that this is indeed the

case by the fit of Eq. (2) to the results with /¼/H [black

lines in Fig. 2(a)], which reproduces well the experimental

results. R2x is subject to the current-induced effective fields

and its dependence on / is described by34,35

R2x ¼ � RAHE

HSL

Hext � Heff
K

þ RT

� �
cos /

þ 2RPHE

HFL þ HOe

Hext

2 cos3/� cos /
� �

; (3)

FIG. 1. (a) Schematic of the measurement configuration for evaluating the

SOT with the coordinate system. (b) Channel conductance of Hall bar vs. W

thickness tW. The red line denotes a linear fit. (c) Out-of-plane magnetic

field HZ dependence of Hall resistance RHall for the W(1)/CoFeB(2.0)/MgO/

Ta(1) Hall bar device measured with the channel current of 100 mA. m0 is

the permeability in free space. Black plots, red lines, and the green line

denote the experimental data, linear fits in high-field regimes and that in the

low-field regime, respectively.

FIG. 2. In-plane magnetic field angle /H dependence of harmonic Hall resis-

tance (a) Rx and (b) R2x with various W thicknesses tW. AC of 1.5 mA and

an in-plane magnetic field of 300 mT are applied. The black curves are fit-

ting with Eqs. (2) and (3). (c) The cos/ contribution of the second harmonic

Hall resistance R2x
cos/ as a function of 1/(l0Hext–l0HK

eff) for tW¼ 4 nm.

The green line denotes the linear fit.
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where RT is the second harmonic Hall resistance coefficient

due to the thermo-electric voltage and HOe the current-

induced Oersted field. The thermo-electric voltage originates

from the anomalous Nernst and spin Seebeck effects.34,35

The measured R2x vs. /H is separated into cos/ and

2cos3/–cos/ contributions by fitting with Eq. (3) and

/¼/H. HSL and RT can be distinguished by evaluating the

Hext dependence of cos/ contribution. Figure 2(c) shows

the cos/ contribution of R2x (R2x
cos/) as a function of 1/

(Hext – HK
eff). HSL and RT are obtained from the slope

and the y-intercept of the linear fit, respectively. HFLþHOe

is determined from the 2cos3/–cos/ contribution at

m0Hext¼ 300 mT, which is the maximum external field in our

experimental setup. As the width of the Hall bar (10 mm) is

much larger than the film thickness, HOe is calculated from a

simplified Ampere’s law: HOe¼ IW/2w, where IW is the cur-

rent flowing into the W layer and w is the channel width.28

Figures 3(a) and 3(b), respectively, show the obtained

HSL and HFL as a function of JW for a device with tW¼ 4 nm.

Both HSL and HFL are proportional to the applied current,

proving that HSL and HFL are induced by the current. The

calculated HOe is also shown as a violet solid line in Fig.

3(b), which has the same sign as that of HFL, but much

smaller in magnitude. Figures 3(c) and 3(d) show the tW
dependence of nSL and nFL, respectively, calculated from Eq.

(1) using the obtained HSL and HFL shown in Figs. 3(a) and

3(b) and mS measured with a vibrating sample magnetome-

ter. It is found that nSL increases and converges to a certain

value as tW increases. As described earlier, in case that HSL

originates from the bulk SHE, nSL is described by the drift-

diffusion model10

nSL ¼ heff
SH 1� sech

tW
ksf

� �� �
; (4)

where ksf is the spin diffusion length of W. Fitting Eq. (4) to tW
dependence of nSL leads to hSH

eff¼ –0.62 6 0.03 and

ksf¼ 1.31 6 0.08 nm. The obtained hSH
eff is the highest value

among previous studies on heterostructures with W.12,15–21 We

note that hSH
eff of W with a lower resistivity of 200 mX cm,

deposited at the Ar gas pressure of 0.19 Pa, is determined to

be –0.47 6 0.05 with ksf¼ 1.33 6 0.08 nm by the same method,

in agreement with previous results on W with similar resistiv-

ity,18,20 indicating the validity of the employed procedure.

Therefore, the obtained large nSL can be attributed to the highly

resistive W that exhibits a strong SHE. The increase in nSL also

suggests that the intrinsic mechanism or side-jump scattering

are more likely to be responsible for the SHE than skew scatter-

ing, since nSL is known to be proportional to (constant with) the

longitudinal resistivity for the former (latter).38 In contrast, nFL

shows no significant dependence on tW. This suggests that the

origin of FL torque is different from the SL torque and can be

attributed to the spin-orbit interaction at the interface such as

the Rashba-Edelstein effect. A similar result was reported in

systems with Pd/Co/AlOx.
30 It is also notable that nFL is one

order of magnitude smaller than nSL, which agrees with an

implication in a previous study on SOT-induced magnetization

switching.20 Such a small magnitude of nFL relative to nSL is in

stark contrast to the cases with Pt/Co/AlOx
11 and Ta/CoFeB/

MgO13,14 heterostructures. In addition, if the FL torque can

cause switching-back events,33 the present W/CoFe/MgO with

a small nFL and a large nSL is promising to achieve low-current

and reliable magnetization switching. We also note that recent

studies pointed out that the FL torque quickly decays with an

increase in the ferromagnetic layer thickness due to the rotation

of spin current away from the spin-accumulation axis.34,39 In

this case, the FL torque could increase when one uses perpen-

dicular-easy-axis systems with a thinner ferromagnetic layer.

In summary, we investigate W thickness dependence of

SOTs in high-resistivity (238 6 5 mX cm)-W/CoFeB/MgO

using an extended harmonic Hall resistance measurement. W

thickness dependence of Slonczewski-like SOT is well

described by the drift-diffusion model that assumes bulk SHE

as an origin of SOT. The effective spin Hall angle is derived to

be�0.62 6 0.03; the highest value among the studies on metal-

lic tri-layer systems reported so far. Field-like SOT, on the

other hand, is one order of magnitude smaller than the

Slonczewski-like SOT. No appreciable dependence of the field-

like SOT on W thickness is observed, suggesting interfacial

spin-orbit interactions as the origin. The obtained results indi-

cate that heterostructures with high-resistivity W is promising

for low-current and high-reliability SOT-controlled devices.
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