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ABSTRACT

Spin–orbit torque (SOT) characterization techniques generally require the Hall cross that generally demands lithography resources and time.
It is highly desirable to characterize SOT efficiencies with minimal sample processing time. Here, we demonstrate a lithography-free tech-
nique to determine the spin–orbit torque efficiency in a perpendicular magnetic anisotropy ferromagnetic heterostructure. By utilizing a cus-
tomized four-point probe in a rhombus geometry, harmonic Hall measurement was performed on continuous films of a Pt/Co/Ti structure
to characterize the spin–orbit torque efficiency. A correction factor, which is due to the non-uniform current distribution across the continu-
ous film, was experimentally evaluated by taking the ratio of the measured damping-like field of the continuous film to that of a fabricated
Hall device. Additionally, this correction factor is analytically derived and experimentally shown to be determined by the configuration of the
probes and is independent of the structure material. Our measurement reveals that by performing a single calibration process for the particu-
lar set of probes, the same correction factor was validated on a second ferromagnetic heterostructure, Ti/Pt/Co/Ta; hence, it can be applied to
other SOT films’ stack measurements. Our four-probe harmonic Hall technique provides an alternative and swift way for SOT investigations
by eliminating multiple lithography processes necessary in conventional approaches.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0092471

The conversion of electrical current to spin current through the
spin Hall effect (SHE) has provided an energy-efficient scheme for
magnetization manipulation in spintronics devices.1,2 These spin cur-
rents generated by spin–orbit interactions exchange their angular
momentum with the ferromagnetic layer’s local magnetization, result-
ing in torque referred to as spin–orbit torque (SOT).3–6 Under a suffi-
ciently large torque, SOT induces magnetization switching, which is
useful for memory storage device writing operations. SOT has drawn
much interest due to its fast switching speed and low critical switching
current, which offer great potential for applications in spintronics
devices.3,7 Several established experimental techniques to characterize
SOT include harmonic Hall measurement, current-induced loop-shift-
ing, and spin–torque ferromagnetic resonance (ST-FMR).8–12 As an
advantageous aspect of harmonic Hall measurement, apart from the
easily accessible harmonic Hall measurement technique, the effective
SOT field is quantified based on the oscillating Hall voltage perturba-
tion induced by in-plane (IP) alternating currents while under in-plane
magnetic fields. The oscillating Hall voltage arises from the SOT-
driven magnetization precession about its equilibrium state, allowing
for the SOT efficiency quantification. However, this characterization

technique, like the other above-mentioned techniques, requires micro-
or nanodevice fabrication, involving a series of lithography processes
that cost additional resources and time. As the interest in exploring
materials for improved SOT performance continues to increase, an
efficient technique to characterize SOT efficiencies with minimal pro-
cesses, equipment, and time is highly desirable.

In this work, we proposed a lithography-less technique to quan-
tify SOT using the harmonic Hall measurement on continuous thin
films. Instead of a conventional Hall cross-device, continuous thin
films are directly probed using a customized four-probe arranged in a
rhombus geometry. The current is injected into the left–right probes
while voltages are measured across the top–bottom probes. The elec-
trical current across the continuous film flows with a non-uniform
current distribution and a sharp current density peak along the path of
minimal distance as opposed to Hall cross devices, where the current
density distribution is minimal and often assumed to be uniform by
using narrow voltage probing bars. Even though the current density
distribution across continuous films is non-uniform, its distribution
profile remains constant across different materials given in a uniform
film. Thus, the effective SOT field measured on a thin film can be
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corrected by a scaling factor to match a Hall cross-device with uniform
current density. The correction factor between the continuous films
and Hall cross-device was experimentally quantified and verified
across different ferromagnet/heavy metal (FM/HM) structures.

A continuous film with a stack of Pt(5)/Co(1.4)/Ti(2) was depos-
ited on the SiO2 substrate using DC magnetron sputtering. To deter-
mine how the four-probe measured SOT can be corrected to align
with that measured in the conventional Hall cross-device, a control
sample of Hall cross devices with dimension 5� 20 lmwas fabricated,
and the SOT is quantified by the conventional harmonic
method.8,14–16 The continuous film and the Hall cross-device of Ti(2)/
Pt(5)/Co(1.4)/Ta(5) were fabricated to validate the difference between
four-probe measured SOT in the continuous film and the conven-
tional harmonic in Hall cross-device. These four-probe are directly
probing on the surface of the continuous film; hence, this film should
have a metallic capping in order for the current to distribute across the
structure. Here, we are quantifying the Hall voltage in the continuous
film; therefore, a pair of probes for current injection and a pair for
reading voltage are required. The voltage probes are located along the
perpendicular bisector between the current probes to minimize error
due to mechanical movement. A customized four-probe arranged in a
rhombus geometry with diagonals of 4 � 8mm2 was built. The four
probes made of BeCu were used to ensure minimal response under
magnetic fields during measurement. The current probe (Is; Ig) and
voltage probe (Vs; Vg) are fixed in the shorter (4mm) and longer
(8mm) diagonal of the rhombus, respectively, as shown in Fig. 1(a).

Finite-element method (FEM) simulation using COMSOL was
performed to quantify the current shunting effects of the voltage
probes. Figure 1(b) shows the derived current distribution across dif-
ferent distances of voltage probes, and significant shunting is present
for voltage probe distances � 4 mm. Based on the FEM simulation
results, the voltage probe separation of 8mm was preferred where the
shunting effect is less than 6% of the total injected current density. To
gain a deeper understanding of the current density distribution in the
Hall cross-device and continuous film, FEM was also performed on
the Hall cross-device with a dimension of 5� 20 lm and a continuous

film dimension of 4mm� 8mm2. Figures 2(a) and 2(b) show the
FEM simulation results of the surface current between the Hall cross-
device and continuous film, respectively. The current distribution
along the Hall cross-device is almost uniform due to boundary con-
straints, whereas a diverging current is apparent in the continuous
film due to the unconstrained boundary. Therefore, square-like and
Gaussian-like current distributions across the characterization width
were obtained in the Hall device and continuous film, respectively, as
illustrated in Fig. 2(c). From the current distribution profile obtained
from the finite element simulation, we will discuss the correlation of
HDL between the Hall cross-device and continuous film. The typical
Hall voltage in a strong static field is given by VH ¼

Ð
JðyÞRAdA,

where JðyÞ is the function of current density distribution dependent
on spatial position, y and the anamlous Hall resistance, RA. The total
Hall voltage can be expressed as the summation of the zeroth-order
harmonic Hall voltage, V0, the first harmonic Hall voltage, Vx, and
second harmonic Hall voltages,V2x

8,9,17–19

VH ¼ V0 þ Vx sinxt þ V2x cos 2xt; (1)

Vx ¼
1
2
DIRA cos h;

Vx ¼
1
2
RA cos h

ð
JðyÞdA;

(2)

V2x ¼ �
1
2
ðDIRA sin hÞDh;

V2x ¼ �
1
2
RA sin h

ð
JðyÞDhdA;

(3)

where Dh is the change in the polar magnetization angle from its equi-
librium due to the current-induced SOT. This Dh is proportional to I,
which yields

V2x ¼
1
2
k1RA sin h

ð
jJðyÞj2dA; (4)

where k1 ¼ Dh=J is a coefficient accounting for the linear scaling of
Dh to current density. Utilizing Vx and V2x, the damping-like field,
HDL can be defined by the following relations:8,13,20,21

FIG. 1. (a) Schematic setup for four-probe harmonic Hall measurement, where the current probe distance and voltage probe distance are 4 and 8 mm, respectively. (b)
Current distribution due to shunting effects across the different voltage probe distances, d¼ 2, 4, 6, and 8mm at a current probe distance of 8 mm.
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HDL ¼ �2
@

@H
1
2
k1RA sin h

ð
jJðyÞj2dA

� �� 

@2

@H2

1
2
RA cos h

ð
JðyÞdA

� ��
;

HDL ¼ k2

ð
jJðyÞj2dAð
JðyÞdA

;

(6)

where k2 is a linear scaling ofHDL per unit current density. To evaluate
a correction factor, bSOT , a correlating HDL term between the Hall
cross-device and continuous film, bSOT is defined as

bSOT ¼ k3

HDL;Blanket

�ð
JBlanketðyÞdy

HDL;Device

�ð
JDeviceðyÞdy

¼ k3
vDL;Blanket
vDL;Device

¼ k3

ð
jgBlanketðyÞj2dyð
gBlanketðyÞdy

; (7)

where vDL is the damping-like efficiency and k3 is a linear scaling fac-
tor between Javg and J0. Javg is the average current density across the
whole structure given by Javg ¼ I

t w, where I is the current, t is the film
thickness, and w is the distance between the voltage probes. J0 is the
peak current density across the continuous film, and gðyÞ is the cur-
rent distribution in the film. Therefore, the SOT in the Hall cross-
device is scalable to SOT in the continuous film by a single constant,
bSOT . As shown in (7), this bSOT is independent of RA, indicating that
bSOT is constant for any given materials in an identical four-probe
geometry setup.

Aside from the difference in using a continuous film instead of a
Hall cross-device, the four-probe harmonic Hall measurement uses
the setup and procedure as the conventional harmonic Hall measure-
ment. The four-probe setup was placed in an in-plane (IP) sweeping
magnetic field, Hx of 62780 Oe and a fixed out-of-plane (OOP) mag-
netic field, Hz of 800 Oe. Since the area of measurement in the contin-
uous film is significantly larger than the Hall cross-device, a HZ is
required to ensure the perpendicular magnetic anisotropy (PMA) con-
tinuous film remains saturated without domain nucleation within the
effective measurement area.22,23 AC was injected through the continu-
ous film in a longitudinal scheme with respect to Hx . The effective area
is defined by the distance between the voltage probe and thin film
thickness. The first and second harmonic Hall voltages, Vx and V2x

were then measured with different current densities ranging from Jc ¼
4:0� 108 to 6:0� 108 A/m2. The damping-like field, HDL was then
extracted from Vx and V2x using (5). Figures 3(a) and 3(b) show the
Vx and V2x signals with respect to Hx under a range of current densi-
ties. To prevent any Joule heating due to the high current injected, the
continuous film was let to cooldown for 120 s before each current den-
sity measurement. The HDL is then extracted by using (5), and the
damping-like efficiency, vDL is obtained by fitting HDL against Jc as
shown in Fig. 3(c). The values shown in Fig. 3(c) are averaged over five
measurements, and the error bar is determined by the standard devia-
tion across all five measurements. To improve the stability of the physi-
cal setup, particularly under high magnetic fields, non-ferrous pins had
been employed. However, the high current required for thin film mea-
surements inevitably introduces setup perturbations that limit the mea-
surement resolution, leading to the error shown in Figs. 3(c) and 3(d).
Here, we have obtained the uncorrected four-probe damping-like effi-
ciency, vDL;Blanket of 5326 44 Oe per 1010 A/m2 for the Pt/Co/Ti struc-
ture, which is significantly larger than the literature values.14,24,25 As
discussed above, the divergence of the current in the continuous film is
not constraint to a boundary, unlike a pattern Hall cross-device.
Therefore, a correction factor, bSOT is required to correct vDL:Blanket to

FIG. 2. (a) Current distribution in a 20 � 5 l m2 Hall cross device. (b) Current dis-
tribution in a continuous thin film at a current probe distance of 8 mm. (c) Current
distribution profile of the Hall cross device and continuous film.
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the damping-like efficiency of device, vDL;Device. This correction factor,
bSOT is experimentally quantified by taking the ratio of vDL between
the continuous film and patterned Hall cross device with the identical
Pt/Co/Ti heterostructure. The damping-like efficiency of the device,
vDL;Device was subsequently measured using the harmonic Hall tech-
nique and found to be 8:4 Oe per 1010 A/m2 as shown in Fig. 3(e).
Thus, bSOT ¼ k3

vDL;Blanket
vDL;Device

¼ 63 is experimentally evaluated. The experi-

ment is repeated with a different heterostructure, Ti(2)/Pt(5)/
Co(1.4)/Ta(5) to validate the value of bSOT . Similarly, the uncor-
rected vDL:Blanket of the continuous film and vDL:Device of the Hall

cross-device are measured to be 971630 and 16.1Oe per 1010 A/m2,
respectively, as shown in Figs. 3(d) and 3(f), and thus, bSOT ¼ 60 is
evaluated. Therefore, we can conclude that bSOT is measured to be
�62. The SOT contribution from the planar Hall resistance is
neglected in this work, as it is negligible in comparison to the anoma-
lous Hall resistance in the PMA samples. Note that the value of bSOT

remains unaffected by this estimate as it is a ratio of HDL magnitudes
between the continuous film and Hall cross-device computed under
the same assumptions. Utilizing this value of bSOT , HDL of any ferro-
magnetic heterostructure can directly be determined without any

FIG. 3. (a) First harmonic voltage, Vx and
(b) second harmonic voltage, V2x in a
four-probe harmonic measurement across
different ranges of current densities, Jc for
Pt/Co/Ti continuous films. (c) and (d)
Four-probe results for damping-like field,
HDL as a function of Jc for Pt(5)/Co(1.4)/
Ti(2) and Ti(2)/Pt(5)/Co(1.4)/Ta(5), respec-
tively. (e) and (f) Damping-like field, HDL

as a function of Jc for Pt(5)/Co(1.4)/Ti(2)
and Ti(2)/Pt(5)/Co(1.4)/Ta(5) for Hall cross
devices.
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lithography process. Apart from the SOT measurement, the four-
probe is also applicable in measuring the out-of-plane magnetic hys-
teresis loop using the anomalous Hall resistance measurement. The
anomalous Hall resistance, RAHE of the Pt/Co/Ti structure is mea-
sured by applying a sweeping out-of-plane field, Hz of 6400 Oe con-
currently with an AC density, Jc of 1� 109 and 1� 1010 A/m2 to the
continuous film and Hall device, respectively. Figure 4(a) shows the
ratio between the anomalous Hall resistance, RAHE (Hall cross-device
and continuous film) and Rsat , where Rsat is the magnitude of anom-
alous Hall resistance of the Hall device. The RAHE;device is found to be
approximately 20 times larger than RAHE; blanket due to the non-
uniform current distribution. The correction factor in anomalous
Hall effect (AHE) measurement should not be compared directly
with SOT measurement, because in AHE measurement, an OOP
field is applied to saturate the magnetization in 6mz . Since the mag-
netization is always in M ¼ 6 0; 0;mzð Þ, hence Dm ¼ 0. Therefore,

AHE measurement is linearly proportional to the profile of the non-
uniform current distribution shown in Fig. 4(b). On the contrary, in
the harmonic Hall measurement for SOT, we are measuring DRH ,
which is dependent on the changed in magnetization Dm x; y; zð Þ.
Due to SOT, Dm x; y; zð Þ will be perturbed following the current den-
sity distribution; hence, the SOT measurement is directly propor-
tional to the square of the profile of the non-uniform current
distribution, which results in different correction factors obtained
between AHE and SOTmeasurement.

In conclusion, we have shown a measurement technique using
four-probe to directly determine the SOT of the heterostructure without
lithography processes, which cost additional resources and time. The
HDL of the continuous films were characterized using the harmonic
Hall technique by accounting for the divergent current distribution
using a constant scaling factor. This correction factor of 62
is experimentally quantified by taking the ratio of the HDL between con-
tinuous films and Hall devices. The proposed technique is a cost-
effective characterization of SOT efficiency, which is akin to the current
in-plane technique that is currently widely used in the industry for
obtaining tunneling magnetoresistance from thin-film stacks without
any lithography steps.
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