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The spin Hall effect is a major source of spin-orbit torques (SOTs), which allow efficient electrical
manipulation of magnetization. So far, the spin Hall effect has been investigated using materials with
strong spin-orbit coupling, such as 5d transition metals, and the spin Hall effect in light elements, which
results in weak spin-orbit coupling, is often considered to be negligible. Here, we report an efficient spin
Hall material that can be realized using 3d transition metals, namely, an amorphous Co-Ni-B alloy under
a paramagnetic state. Despite no heavy elements being used in this material, we estimate the spin Hall
angle of Co-Ni-B alloys to be about 0.10 via harmonic Hall measurements, which is comparable to that of
5d transition metals. A highly efficient spin Hall angle originates from the high-spin Hall conductivity of
paramagnetic Ni. We also demonstrate SOT-induced magnetization switching using the spin Hall effect on
the Co-Ni-B alloy with comparable switching current density using a heavy-metal spin Hall material. Our
findings provide an approach to realize the coexistence between highly efficient and heavy-element-free
SOT-based devices.
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I. INTRODUCTION

Spin-orbit torques (SOTs) induced by in-plane elec-
trical injection have been intensively studied because of
their potentially efficient way of controlling magnetiza-
tion dynamics [1–4]. The basic structure of a SOT-based
device consists of normal-metal (NM) and ferromagnet
(FM) bilayers and phenomena induced by spin-orbit cou-
pling [e.g., the spin Hall effect (SHE) in NM [3–5] and
the Rashba-Edelstein effect (REE) at the NM/FM inter-
face [2] ] are considered to be the driving forces of SOT.
There are two components of torques, dampinglike SOT
(DL SOT) and fieldlike SOT (FL SOT). Currently, great
effort has been made to enhance DL SOT efficiency per
unit current density (ξDL) to achieve energy-efficient oper-
ations.

Using materials with a large SHE is one of the simplest
ways to enhance ξDL. The key parameter that defines the
strength of the SHE is the spin Hall angle, θSHE, which
is defined as the ratio between generated spin current, jS,
and induced electrical charge current, je (θSHE = js/je).
Previous studies showed that spin Hall materials, such
as Pt [6,7], W [8,9], and Pt-based binary alloys [10,11],
achieved a relatively high spin Hall angle. These stud-
ies focused on heavy metals (5d or 4d transition metals)
because the strength of the spin-orbit coupling could be
scaled with atomic number, Z. Spin Hall materials that use
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heavy metals have a high application cost; therefore, cre-
ating materials that obtain weak spin-orbit coupling and
a large SHE concurrently is imperative. Naito et al. and
Jo et al. used tight-binding model calculations to predict a
sizable SHE in 3d transition metals, which are considered
to have weak spin-orbit coupling [12,13]. Furthermore,
recent experiments revealed that 3d transition metals, such
as Cr [14] and V [15], show a sizable spin Hall effect (or
inverse spin Hall effect) with spin Hall angles as large as
–0.05 and –0.07, respectively.

Here, we focus on the SHE in nickel (Ni) because pre-
vious tight-binding model calculation results show that
the spin Hall conductivity of Ni can be as large as
103 �−1cm−1, which is comparable to that of Pt [12,13].
Furthermore, spin Hall conductivity is unaffected by the
magnetic state (i.e., ferromagnetic state and paramagnetic
state) of Ni, indicating the importance of the intrinsic
mechanism from the electronic band structure [13]. More-
over, Keller et al. recently used a spin-pumping mea-
surement to find a relatively large spin Hall effect in
paramagnetic Ni-Cu binary alloys [16]. Here, we focus
on amorphous Co-Ni-B alloys as potential paramagnetic
Ni-based materials, the amorphous structure of which
greatly reduces the phase transition temperature of the
paramagnetic state to the ferromagnetic state [17,18]. We
reveal that the spin Hall angle (spin Hall conductiv-
ity) of the paramagnetic Co-Ni-B alloy can reach up to
about 0.1 (∼103 �−1cm−1) with a spin diffusion length
of about 2.0 nm. We reveal that the large spin Hall
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angle is attributed to the combination of a large spin Hall
conductivity in paramagnetic Ni, consistent with the previ-
ous calculation results. We also demonstrate SOT-induced
magnetization switching using the spin Hall effect in the
Co-Ni-B alloy and obtain a switching current density of
about 1.5 × 1011A/m2. These results show that the param-
agnetic Ni-based alloy is a good candidate of SOT-based
devices without heavy metals being used.

II. RESULTS AND DISCUSSION

A. Co-Ni-B alloy

To obtain paramagnetic Co-Ni-B alloys, first, we pre-
pare Co-Ni-B alloy films that contain various Co compo-
sitions. We use magnetic stacks on thermally oxidized Si
substrates by utilizing ultrahigh vacuum magnetron sput-
tering, as follows: substrate/Ta(2)/(CoxNi1-x)80B20(10)/

Ta(5). The numbers in parentheses indicate the thickness
of each layer in nanometers. We make Co-Ni-B alloys by
cosputtering the Co80B20 and Ni80B20 targets at various
sputtering powers, and we calculate the Co composition,
x, by the deposition rate of each target. We use x-ray
diffraction (XRD) measurements to confirm that all Co-Ni-
B alloy samples have an amorphous structure. Notably, all
magnetic stacks referred to hereafter are prepared by same
method.

In Fig. 1(a), we show the magnetization curve of various
x samples measured at room temperature. The x = 15.1%
sample shows a linear response to the magnetic field, indi-
cating paramagnetic behavior. By increasing x, we observe
a clear hysteresis curve with a finite saturation magnetic
moment that shows ferromagnetic behavior in the Co-rich
region. From the x dependence on the saturation magneti-
zation [see Fig. 1(b)], we find that the Co-Ni-B alloys are
in the paramagnetic state in the x < 25% region. The para-
magnetic behavior in the Ni-rich region is consistent with
previous work on amorphous Co-Ni-based alloys [17,18].
In the next section, we discuss using Co-Ni-B alloys with
x < 25.
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FIG. 1. Magnetic properties of Co-Ni-B alloy. (a) Magne-
tization curve of various Co compositions, x, under in-plane
magnetic field, H inp. Inset shows a magnified view of x = 15.1%
sample. (b) x dependence of saturation magnetization, Ms.

B. Spin Hall effect in paramagnetic Co-Ni-B

To estimate the SOT generated from the spin
Hall effect in paramagnetic Co-Ni-B alloys, we pre-
pare the following magnetic stacks [see Fig. 2(a)]:
substrate/Ta(2)/CNB(tCNB)/Cu-N(1)/Fe-B(1.4)/MgO/

TaOx(2). Here, CNB refers to Co-Ni-B alloys with
x = 14.9%, and its thickness, tCNB, varies between 2 and
12 nm. We insert 1-nm-thick Cu-N between the CNB and
Fe-B layers to exclude the exchange interaction between
the two layers. We pattern magnetic stacks into 10-
μm-wide Hall bars using a standard optical lithography
technique and ion-beam etching. To ensure the electri-
cal contacts, we fabricate Cr(5)/Au(100) electrodes with
a lift-off process. All measurements are conducted at room
temperature.

First, we investigate the fundamental magnetic prop-
erties of the magnetic stacks shown above. In Fig. 2(a),
we show the Hall resistance curve of three different tCNB
samples. All samples show a linear increase with the out-
of-plane magnetic field, Hz, and saturate near 350 mT,
indicating that the Fe-B layer in our system is in-plane
magnetized. As Fig. 2(a) shows, we estimate the anoma-
lous Hall resistance, RAHE, as shown in Fig. 2(b). RAHE
decreases with tCNB because the shunting current ratio in
Fe-B decreases as tCNB increases. We also measure the
planar Hall resistance (RPHE) by measuring the magne-
toresistance under a rotating fixed external magnetic field,
H ext, along the x-y plane (ϕ-scan measurements). We esti-
mate the effective demagnetization field, H demag, and the
damping constant, α, of the Fe-B layer from the ferromag-
netic resonance measurement shown in Fig. 2(c). H demag is
estimated to be about 350 mT in all samples, which is con-
sistent with the Hall resistance curve shown in Fig. 2(a).
The value α of all samples is about 0.01, which is lower
than that of Pt/Ni-Fe (Co) [6,7], but higher than that of
Ta/Co-Fe-B [3,19]. Notably, the inhomogeneous broaden-
ing of the present system is about 0.2 mT in all samples,
indicating low roughness of the Cu-N surface [20].

To estimate the SOT generated from the spin Hall effect
on the CNB layer, we conduct harmonic Hall measure-
ments [21,22] by using the circuit shown in Fig. 3(a).
In this method, the SOT induced by the sinusoidal cur-
rent oscillates the magnetization of Fe-B. This SOT-driven
magnetization oscillation can be detected from the out-of-
phase second-harmonic Hall resistance, R2f

H . Figure 3(b)
shows the ϕ-scan measurements of R2f

H that are expressed
as follows:

R2f
H = RDL cos ϕ + RFL+Oe cos 2ϕ cos ϕ,

RDL = − RAHEHDL

2(Hext + Hdemag)
+ RT,

RFL+Oe = RPHE(HFL + HOe)/Hext. (1)
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FIG. 2. Magnetic and electrical properties of CNB/Cu-N/Fe-B system. (a) Hall resistance curve of different CNB thickness, tCNB,
samples under out-of-plane magnetic field, Hz . μ0 represents permeability under vacuum. Inset shows schematic of the magnetic
stack. (b) tCNB dependence of anomalous Hall resistance, RAHE (black), and planar Hall resistance, RPHE (green). (c) tCNB dependence
of effective demagnetization field, H demag (solid black triangles), and damping constant, α (open blue circles).

Here, RDL and RFL+Oe are the fitting parameters. H DL,
H FL, and H Oe correspond to a current-induced effective
field driven by the DL SOT, the FL SOT, and the Oer-
sted field, respectively. RT is an additional signal from
a thermal-electric effect, such as the anomalous Nernst
effect of Fe-B. To evaluate H DL and H FL+H Oe of the
system, first, we fit the R2f

H curve with Eq. (1) and
obtain RDL and RFL+Oe, respectively. As Fig. 3(c) shows,
we confirm that both components are proportional to
the applied current, as expected from HDL(FL+Oe) ∝ Iac.
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FIG. 3. Harmonic Hall measurement results with tCNB = 4 nm.
(a) Optical picture of fabricated Hall device and configuration
of measurements. (b) ϕ-scan measurements of second-harmonic
Hall resistance (R2f

H ) curve. Solid line corresponds to fitting
using Eq. (1). (c) Current density dependence of RDL and
RFL+Oe (solid line shows linear fitting). (d) RDL as function of
(H ext+H demag)−1. Solid line shows linear fitting.

Then, we estimate H DL (H FL+H Oe) from the slope of
the cosϕ component (cos2ϕcosϕ component) as a func-
tion of (H ext+H demag)−1 (H ext

−1), alternating H ext and
the applied current. We evaluate the DL SOT efficiency
by ξDL = −2eMstμ0HDL/�jCNB, with e as the elementary
charge, � as the Dirac coefficient, jCNB as the current den-
sity of the CNB layer, Ms as the saturation magnetization,
and t as the thickness of the Fe-B layer.

Figure 4 shows the CNB thickness, tCNB, dependence
of ξDL. ξDL shows a monotonic increase and saturates
up to about 8 nm. From this behavior, we consider
that the spin current generated from interfacial effect at
CNB/Cu-N [2,23] is negligible compared with the SHE
in our system. Using the tCNB dependence, we evaluate the
effective spin Hall angle, θSHE, and spin-diffusion length,
λs, which are important parameters for spin Hall mate-
rials. We evaluate θSHE and λs by fitting data with the
following equation (solid curve = fitting results): ξDL =
θSHE[1 − sech (tCNB/λs)]. The fitting yields θSHE = 10.5%
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FIG. 4. CNB thickness dependence of DL SOT efficiency,
ξDL. Solid line shows best ξDL fitting curve.
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and λs = 2.0 nm. The estimated θSHE is comparable to that
of 5d transition metals, such as Pt [6,21]. We assume
that the spin Hall effect in Cu-N is negligible in the cur-
rent system. To check the large spin Hall effect in CNB
further, we calculate the spin Hall conductivity using
σSHE = θSHE/ρxx, where ρxx is the longitudinal resistivity
of the CNB layer (97.7 μ� cm), and we estimate σSHE =
(+1.07 ± 0.03) × 103 �−1 cm−1. This value is an order of
magnitude larger than those of other 3d elements, such as
Cr [14] and V [15]. In addition, the spin-torque efficiency
obtained here is orders of magnitude larger than those of

the ferromagnetic 3d-alloy systems [23]. The estimated
σSHE is similar in order of magnitude to that of the result
calculated using the tight-binding model [12,13]. The spin-
diffusion length of the CNB layer is shorter than that of
other 3d elements [14,15], possibly because of the high
longitudinal resistivity of the amorphous CNB.

Next, we investigate the effects of Co doping. Previ-
ous studies [13,24] showed that the spin Hall conductivity
could be tuned by shifting the Fermi level through dop-
ing. Therefore, we study the Co composition dependence
of the spin Hall angle, θSHE; the spin Hall conductivity,
σSHE; and the longitudinal resistivity, ρxx, of Co-Ni-B alloy
(as shown in Fig. 5). We prepare four magnetic stacks with
four different values of x ( = 0, 14.9, 17.9, and 22.5%), and
we set the Co-Ni-B layer thickness to 10 nm. The magnetic
stack we use is the same as that in the inset of Fig. 2(a),
except for the Co-Ni-B layer. θSHE shows a slight max-
imum at x = 15%. Meanwhile, σSHE shows a monotonic
decrease with x, indicating that the intrinsic mechanism
in the Ni element plays an essential role in a large spin
Hall effect and Co doping is inefficient. Previous calcu-
lations and experimental results show that the spin Hall
conductivity in Co is smaller than that of Ni [12,25], which
may explain our composition dependence. In addition,
the monotonic decrease of σSHE indicates the negligible
effect of spin-fluctuation enhancement of the SHE in our
Co-Ni-B alloys at room temperature [26,27]. The slight
enhancement of θSHE at x = 15.1% can be understood from
the monotonic increase of ρxx, with x originating from
impurity scattering because θSHE is a product of σSHE and
ρxx.

C. SOT-induced magnetization switching

Lastly, we show the SOT-induced magnetization switch-
ing using CNB as a spin Hall material. We prepare a
perpendicularly magnetized Fe-B layer system as follows
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In-plane magnetic field of –9.7 mT is applied along x axis, the magnetic field of which is parallel to the –x direction.

064056-4



LARGE SPIN-ORBIT. . . PHYS. REV. APPLIED 14, 064056 (2020)

[Fig. 6(a)]: substrate/Ta(2)/CNB(10)/Ta(0.3)/Fe-B(1.4)/

MgO/TaOx(2). Instead of Cu-N, we use 0.3-nm-thick Ta
as a spacer layer to achieve strong perpendicular magnetic
anisotropy (PMA). The sample is annealed at 250 °C for
10 min. We note that the crystallinity of CNB remains
amorphous after this annealing process, as determined by
XRD measurement. The strong PMA of Fe-B in our sys-
tem is confirmed by a square anomalous Hall curve with a
relatively high coercive field of about 27 mT [Fig. 6(b)]. In
Fig. 6(c), we show the current-induced switching behavior
under small in-plane field application of –9.7 mT on the
x axis [corresponding to applying 9.7 mT parallel to the
–x direction in Fig. 3(a)]. The counterclockwise switching
behavior under the negative in-plane field shows consistent
results with the DL SOT-induced magnetization switching
with a positive spin Hall angle from the underlayer mate-
rial [2,4]. Because the spin Hall angle of Ta is negative
[3,19], the SHE on the CNB layer is the dominant spin
source of our system, rather than the SHE on the spacer
layer. We also confirm that the polarity of the switching
behavior reverses when a positive in-plane field is applied.
The switching current density is estimated to be about
1.5 × 1011 A/m2, which is comparable to that of Pt [4] and
Pd [28]. In addition, we observe the same switching polar-
ity and switching current density using the CNB/Cr/Fe-B
structure. This indicates that the interfacial effect, such
as the spin-orbit filtering effect [23] and REE [2], at the
interface between CNB and the spacer layer is negligible
compared with the SHE in CNB.

III. CONCLUSION

We investigate the SHE in paramagnetic Co-Ni-B alloys
via spin-orbit torque measurements. The SOT measure-
ments reveal a large spin Hall angle, θSHE, of about 0.1,
despite no heavy elements being used. We estimate the
spin Hall conductivity to be about 1.0 × 103�−1 cm−1,
which is about the same order of magnitude as spin Hall
materials that use heavy elements. From the composi-
tion dependence, we find that the large θSHE originates
from the intrinsic contribution of the SHE in paramag-
netic Ni, which is consistent with the previous calculation
results. Finally, we demonstrate SOT-induced magnetiza-
tion switching driven by the SHE in Co-Ni-B alloys and
observe a switching current density comparable to that of
Pt. These results show that paramagnetic Ni-based alloys
can potentially realize highly efficient and heavy-element-
free SOT-based devices.

ACKNOWLEDGMENTS

We thank T. Yamamoto for technical help. This work
is partly supported by JSPS KAKENHI (Grant No.
19J01643), JST CREST (Grant No. JPMJCR18T3), Japan.
Part of this work is conducted at the AIST Nano-
Processing Facility, supported by the Nanotechnology

Platform Program of the Ministry of Education, Culture,
Sports, Science and Technology (MEXT), Japan.

APPENDIX: FIELDLIKE TORQUE AND OERSTED
TORQUE

The tCNB dependences of the torque efficiencies of Oer-
sted torque and FL SOT (ξOe and ξFL) are shown in Fig. 7.
The Oersted torque efficiency is calculated from the Oer-
sted field by estimating the electrical charge density of
metallic layers under the Fe-B-free layer. ξFL(Oe) is defined
as ξFL(Oe) = −2eMstμ0HFL(Oe)/�jCNB. The FL SOT values
show the opposite sign to the Oersted torque and the same
sign as that of DL SOT. Because the torque efficiencies
of ξOe and ξFL compete with each other, the total torque
(ξOe+ξFL shown in black data) is an order smaller than
that of the DL SOT efficiency.
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