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Effective probing current-induced magnetization switching is highly required in the study of emerging spin–orbit
torque (SOT) effect. However, the measurement of in-plane magnetization switching typically relies on the giant/tunneling
magnetoresistance measurement in a spin valve structure calling for complicated fabrication process, or the non-electric
approach of Kerr imaging technique. Here, we present a reliable and convenient method to electrically probe the SOT-
induced in-plane magnetization switching in a simple Hall bar device through analyzing the MR signal modified by a
magnetic field. In this case, the symmetry of MR is broken, resulting in a resistance difference for opposite magnetization
orientations. Moreover, the feasibility of our method is widely evidenced in heavy metal/ferromagnet (Pt/Ni20Fe80 and
W/Co20Fe60B20) and the topological insulator/ferromagnet (Bi2Se3/Ni20Fe80). Our work simplifies the characterization
process of the in-plane magnetization switching, which can promote the development of SOT-based devices.

Keywords: magnetoresistance, in-plane magnetization switching, electrical detection
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1. Introduction
In recent years, intensive attention has been paid to the

3-terminal spintronic device with information written by the
spin–orbit torque (SOT) effect, which allows a high writ-
ing speed without incubation delay and has an enhanced en-
durance benefiting from the separated read/write routes.[1–3]

One typical SOT device employs a heavy metal/ferromagnet
(HM/FM) heterostructure as the basic function structure for
the information writing, where the spin current induced by an
in-plane charge current via the spin–orbit interactions (SOI) of
the HM layer will exert spin torques on the magnetization and
drive magnetization switching of the adjacent FM layer.[4–9] In
terms of the easy-axis direction of the FM layer, the SOT de-
vices mainly take one of the two configuration types: the easy-
axis perpendicular to the film plane,[6,10,11] or, the easy-axis
lying in the film plane and orthogonal to the charge current.[4]

A lot of experimental techniques, such as spin torque ferro-
magnetic resonance (ST-FMR) or harmonic Hall experiments,
have been developed to characterize the SOT efficiency in
these devices.[12–17]

On the other hand, the SOT-induced magnetization
switching is technologically more relevant to the device ap-
plications, thus the efficient probing of the SOT-induced mag-

netization switching is also of great significance. For the
FM with perpendicular magnetic anisotropy (PMA), the mag-
netization switching can be easily probed by measuring the
anomalous Hall effect (AHE).[5,6,18] However, for the FM
with in-plane magnetic anisotropy (IMA), the Hall voltage
or magnetoresistance (MR) measurements can not evidence
the magnetization switching due to their equal resistance
values for opposite magnetization orientations. The SOT-
induced magnetization switching in the HM/FM heterostruc-
ture with IMA are typically probed by giant magnetoresis-
tance (GMR)/tunneling magnetoresistance (TMR) in a spin
valve structure.[19,20] The complicated device fabrication pro-
cess hinders this technique being developed into a widely used
approach to detect SOT switching. The magneto-optic Kerr
effect (MOKE) imaging technique can also probe in-plane
magnetization switching,[21,22] but suffers drawbacks of being
applicable only to the devices with thin capping and having
bad capability with low temperature and strong magnetic field.
A convenient access to probe the SOT-induced magnetization
switching of an FM with IMA is still highly desired.

For FM with IMA, there is no difference in resistance for
the magnetization oriented to opposite directions, as shown
in Fig. 1(a). If a magnetic field (H) is applied to break the
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symmetry of the MR signal, the difference in resistance arises,
i.e., high-resistance-state (high-R state) or low-resistance-state
(low-R state) occurs for the magnetization antiparallel or par-
allel to H, respectively,[23] as shown in Fig. 1(b). Inspired
by this principle, we provide a convenient electrical strategy
to probe the SOT-induced magnetization switching with IMA.
For the material system with strong field-like SOT,[24] the re-
sulting effective field when current flowing through HM would
break the symmetry and result in resistance difference for op-
posite magnetization orientations, thus allowing the electri-
cally probing of the magnetic state. Furthermore, an appro-
priate external magnetic field can replace the field-like ef-
fective field to modify the MR signal, which is suitable for
more extensive material systems, not only the one with strong
field-like torque. We observe clear SOT switching loops and
demonstrate the feasibility of these methods in probing the
SOT driven magnetization switching in various systems of
Pt/NiFe, W/CoFeB and Bi2Se3/NiFe Hall bars with IMA. The
method with MR modified by an external magnetic field en-
ables a small reading current, which can avoid thermal noise
and possible even damage on microstructure device due to the
persistent Joule heating. This work provides an effective and
reliable method to electrically characterize the in-plane mag-
netization switching in a simple Hall bar, which can facilitate
the study of SOT-related effect.

(a)

(b)

H ≠ 

H/

Ra/Rb

RbRa

Low R stateHigh R state

M M

MM

Iread

Iread Iread

Iread

Fig. 1. Schematic diagrams of resistance states of FM layer for magne-
tization oriented to opposite directions (a) without or (b) with a modi-
fying field.

2. Experimental details
The Pt(6)/Ni20Fe80(8) and W(5)/Co20Fe60B20(1.9) bilay-

ers (the thicknesses in the parentheses are in nanometers) are
prepared on thermally oxidized Si substrates with a magnetron
sputtering system at room temperature, and the base pressure
is better than 5×10−6 Pa. As for the Bi2Se3(8)/Ni80Fe20(3.5)
bilayers, the high-quality Bi2Se3 films are grown on Al2O3

(0001) substrates in a molecular beam epitaxy (MBE) sys-
tem with a base pressure better than 2× 10−7 Pa, by using
the two-step deposition procedure, and then the Ni80Fe20 film

is subsequently sputtered on the Bi2Se3 film at room tem-
perature. For MR and SOT switching measurements, the
as-deposited films are patterned into Hall bars with channel
sizes of 10 µm×80 µm through photolithography and Ar ion
milling processes. All measurements are performed at room
temperature using a home-made magneto-electrical transport
measurement system. A current source of Keithley 6221
and a nano-voltmeter of Keithley 2182 are used to supply dc
read currents (Iread) and detect dc voltages (V ), respectively.
The longitudinal resistance Rxx = V/Iread. The pulse currents
(Ipulse) with pulse duration of 10 µs for switching the magne-
tization are supplied by Keithley 4200.

3. Results and discussion
The MR measurement with a four-point probe method for

Pt/Ni20Fe80 is schematically shown in Fig. 2(a). We inject
the charge current (including Iread and Ipulse) and measure the
voltage along x axis with external magnetic fields Hext sweep-
ing along y axis. As shown in Fig. 2(b), the magnetization
of the Pt/Ni80Fe20 is characterized by MR measurement with
Iread =−0.1 mA, and the coercive field of about 5.2 Oe is ob-
tained. The normalized MR loops with Iread = ±4 mA are
shown in Fig. 2(c). For Iread = ±4 mA, obvious horizon-
tal shifts of the MR peaks are observed, indicating the ex-
istence of a current-induced effective field HCEF.[25–27] The
critical magnetization switching fields HSW for different Iread

are shown in Fig. 2(d), where H+
SW or H−SW are the critical

magnetization switching fields for external fields sweeping
from −y to +y or from +y to −y, respectively. We find that
H+

SW and H−SW are both proportional to the value of Iread, and
HCEF = (H+

SW +H−SW)/2 is reversed when the sign of Iread is
changed. For |Iread| = 4 mA, the Oster field HOe induced act-
ing on the Ni80Fe20 layer is calculated to be much smaller than
HCEF ≈ 2.5 Oe. Hence, the horizontal shift in the MR loop
mainly origins from the field-like effective field induced by
the SOT effect.

The magnetization switching measurements of the
Pt/Ni80Fe20 Hall bar with the modification of HCEF are per-
formed. Figures 3(a) and 3(b) illustrate the process diagrams
of these measurements. The pulse current Ipulse sweeps from
negative to positive values and back to negative values. After
each of pulse currents, read currents of Iread = ±3 mA are in-
jected to modify MR signals and detect the corresponding volt-
ages. The longitudinal resistance Rxx versus pulse current Ipulse

is shown in Figs. 3(c) and 3(d). It is found that Rxx switches to
the high-R state or low-R state at critical switching pulse cur-
rents of Ipulse ≈∓5.5 mA, respectively. The measured critical
switching current is well reproducible after several switching
cycles. And the polarities of the pulse current-induced switch-
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ing loops are opposite for Iread = ±3 mA. The origin of vari-
ation in Rxx when the magnetization switching takes place is
schematically shown in Figs. 3(e) and 3(f). Under the modifi-
cation of large HCEF, the states with magnetization along ±y

directions have different Rxx values. When the damping-like
torque induced by the Ipulse is large enough to overcome the
intrinsic damping and switches the magnetization, a variation
in Rxx occurs with the modification of HCEF.
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Fig. 2. (a) Schematic illustration of the Pt/Ni80Fe20 Hall bar device with channel size of 10 µm×80 µm and MR measurement. The positive
direction of current is defined along the −x direction, and the positive direction of the external magnetic field is defined along the +y direction.
(b) The MR loop for Pt/Ni80Fe20 Hall bar with Iread = −0.1 mA. (c) The shifted MR loops for Pt/Ni80Fe20 Hall bar with Iread = ±4 mA. (d)
The critical switching field HSW versus read current Iread for Pt/Ni80Fe20 Hall bar. The HCEF = (H+

SW+H−SW)/2, where H+
SW or H−SW are the

critical switching fields for external field Hext sweeping from −y to +y or from +y to −y, respectively.

As can be seen from the above results, the MR modified
by HCEF can be used to probe SOT-induced switching in the
heterostructure with IMA. Note that the requirement for a size-
able HCEF may be an important limitation for this method. For
the stacks with small HCEF,[12,28] there is no significant differ-
ence in Rxx for opposite magnetization orientations. This lim-
itation can be eliminated by introducing an appropriate exter-
nal assisting field Hassist. Next, we demonstrate the probing of
SOT-induced magnetization switching of the Pt/Ni80Fe20 het-
erostructure under the modification of Hassist. The process dia-
grams of the switching measurements with the assisting fields
of Hassist = ∓1.2 Oe are illustrated in Figs. 4(a) and 4(b), re-
spectively. The pulse currents Ipulse sweep from negative to
positive values and back to negative values. After each of
Ipluse, a small read current of Iread =+0.1 mA and an Hassist are
applied simultaneously to detect the corresponding resistance.
As shown in Fig. 4(c), with Hassist =−1.2 Oe, the Rxx switches
to low-R state at around Ipluse =+5.5 mA, and it switches back
to high-R state at around Ipluse =−5.5 mA. And the polarities
of switching loops change with the sign reversal of Hassist, as
shown in Fig. 4(d). The origin of difference in Rxx between the
opposite magnetization orientations is schematically shown in

Figs. 4(e) and 4(f). For |Iread|= 0.1 mA, the HCEF is negligibly
small as shown in Fig. 2(b). The Hassist plays the similar role in
modifying Rxx to that of HCEF, where the Rxx value depends on
the relative orientation between the magnetization and Hassist.
Comparing the above two methods, the former one that mod-
ified by HCEF requires a relatively simple equipment, but is
infeasible for the systems with small field-like torque. In ad-
dition, the required giant reading current and subsequent per-
sistent Joule heating may introduce remarkable thermal noise
and even damage the microstructure device. In contrast, the
latter one that modified by Hassist allows a small read current
and caters for more extensive material systems, which is a uni-
versal, reliable and effective method.

Based on the measured results, we can estimate the SOT
efficiency of the Pt/Ni80Fe20 heterostructure. The field-like
SOT efficiency (ξFL) can be written as[29,30]

ξFL =
2eµ0

h̄
MStNiFe

(
HFL

JPt

)
, (1)

and the damping-like SOT efficiency (ξDL) can be written
as[31–33]

ξDL =
2eµ0

h̄
MStNiFeα0

(
Hc +Mk/2

Jc0

)
, (2)
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where MS, tNiFe, µ0Mk, and JPt are the saturation magne-
tization, thickness of the Ni80Fe20 layer, demagnetization
field, and current density flowing in the Pt layer, respectively.
The HFL = HCEF −HOe is the field-like effective field act-
ing on the Ni80Fe20 layer, which is proportional to JPt. With
pulse current duration ranging from 5 µs to 0.5 s, the crit-
ical switching current almost keeps a constant. Therefore,
the zero-thermal-fluctuation critical switching current den-
sity Jc0 should be approximately equal to the critical switch-

ing current density Jc for our sample.[33] The damping con-

stant α0 ≈ 0.015 and µ0Mk ≈ 0.92 T are determined by fer-

romagnetic resonance (FMR) measurements. With Eqs. (1)

and (2), the field-like SOT efficiency ξFL = 0.01 and the

damping-like SOT efficiency ξDL = 0.23 are obtained for the

Pt/Ni80Fe20 heterostructure, respectively. The calculated ξFL

and ξDL are comparable to the values reported in previous

works.[25,30,34,35]
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Fig. 3. The magnetization switching measurement with MR modified by the current-induced effective field HCEF for Pt/Ni80Fe20 Hall bar.
(a), (b) The measurement processes for the switching experiments with read currents of Iread = ±3 mA, respectively. (c), (d) The variation in
resistance versus pulse current with Iread = ±3 mA, respectively. (e), (f) The difference in resistance for opposite magnetization orientations
with positive and negative read currents, respectively.
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To further verify the feasibility and application range of
our method, the magnetization switching measurements with
Rxx modified by the Hassist are also performed in different
material systems. The Rxx versus the magnetic field of a
W/Co20Fe60B20 Hall bar with Hassist = ∓1.7 Oe is shown in
Figs. 5(a) and 5(b), respectively. The switching of Rxx be-
tween high-R state and low-R state takes place at Ipluse =

±6.8 mA. The polarities of the switching loops are reversed
when the HM layer is changed from Pt to W for Hassist with
the same sign since Pt and W possess opposite signs of the
spin Hall angle. It is worth noting that the measured signal
of W/Co20Fe60B20 in our experiments is comparable to that
of Pt/Ni80Fe20.[36] Meanwhile, the anisotropy MR (AMR) ra-
tio of Co20Fe60B20 single layer is about one order smaller
than that of Ni80Fe20.[37,38] These results mean that the spin
MR (SMR), proportional to the square of the HM layer’s spin
Hall angle,[23] plays a dominant role in the electrical measure-
ment of magnetization switching in the W/Co20Fe60B20 sam-
ple. Therefore, our method is suitable for various FM mate-
rials, even those with weak common AMR. Furthermore, our
method is extended to the emerging topological insulator of
Bi2Se3 with large charge-to-spin conversion efficiency and the
magnetization switching measurements of Bi2Se3/Ni80Fe20

Hall bar are performed.[39] The clear switching of Rxx at
|Ipluse|= 3.4 mA with Hassist =∓1 Oe is observed in Figs. 5(c)
and 5(d), respectively. With Eq. (2), the damping-like SOT ef-
ficiency ξDL of Bi2Se3/Ni80Fe20 is estimated to be 0.91 which

is roughly consistent with the previous report.[22] The above
results strongly demonstrate that our method can be used to
effectively determine the SOT efficiency for various material
systems with IMA.

4. Conclusion

In summary, with the modification of a current-induced
effective field or an external assisting field, the switching sym-
metry of MR is broken and the difference in resistance is in-
duced for opposite magnetization orientations, allowing the
electrical probing of in-plane magnetization switching in a
simple Hall bar device. The method by utilizing an assisting
field can be employed for various material systems, even for
that without current-induced field-like SOT field. Our results
extend the approaches to determine the SOT switching in the
heterostructures with IMA, and will contribute to the research
about SOT-based memory and computation.

Acknowledgements

Project supported by the National Natural Science Foun-
dation of China (Grant Nos. 11904017, 11974145, 51901008,
and 12004024), Shandong Provincial Natural Science Founda-
tion, China (Grant No. ZR2020ZD28), platform from Qingdao
Science and Technology Commission, and the Fundamental
Research Funds for the Central Universities of China.

017502-5



Chin. Phys. B 31, 017502 (2022)

References
[1] Slaughter J M, Rizzo N D, Janesky J, Whig R, Mancoff F B, Hous-

sameddine D, Sun J J, Aggarwal S, Nagel K, Deshpande S, Alam S
M, Andre T and LoPresti P in 2012 IEEE Int. electron devices meeting
29.23.21

[2] Fukami S, Yamanouchi M, Ikeda S and Ohno H 2014 IEEE Transac-
tions on Magnetics 50 1

[3] Lin X, Yang W, Wang K L and Zhao W 2019 Nat. Electron. 2 274
[4] Liu L, Pai C F, Li Y, Tseng H W, Ralph D C and Buhrman R A 2012

Science 336 4
[5] Liu L, Lee O J, Gudmundsen T J, Ralph D C and Buhrman R A 2012

Phys. Rev. Lett. 109 096602
[6] Miron I M, Garello K, Gaudin G, Zermatten P J, Costache M V, Auffret

S, Bandiera S, Rodmacq B, Schuhl A and Gambardella P 2011 Nature
476 189

[7] Pai C, Liu L, Li Y, Tseng H W, Ralph D C and Buhrman R A 2012
Appl. Phys. Lett. 101 122404

[8] Wang M, Cai W, Zhu D, Wang Z, Kan J, Zhao Z, Cao K, Wang Z,
Zhang Y, Zhang T, Park C, Wang J, Fert A and Zhao W 2018 Nat.
Electron. 1 582

[9] Wang M, Cai W, Cao K, Zhou J, Wrona J, Peng S, Yang H, Wei J,
Kang W, Zhang Y, Langer J, Ocker B, Fert A and Zhao W 2018 Nat.
Commun. 9 671

[10] Peng S, Zhu D, Li W, Wu H, Grutter A J, Gilbert D A, Lu J, Xiong D,
Cai W, Shafer P, Wang K L and Zhao W 2020 Nat. Electron. 3 757

[11] Liu N, Wang H and Zhu T 2012 Acta Phys. Sin. 61 167504 (in Chinese)
[12] Avci C O, Garello K, Gabureac M, Ghosh A, Fuhrer A, Alvarado S F

and Gambardella P 2014 Phys. Rev. B 90 224427
[13] Garello K, Miron I M, Avci C O, Freimuth F, Mokrousov Y, Blugel S,

Auffret S, Boulle O, Gaudin G and Gambardella P 2013 Nat. Nanotech.
8 587

[14] HayashI M, Kim J, Yamanouchi M and Ohno H 2014 Phys. Rev. B 89
144425

[15] Liu L, Moriyama T, Ralph D C and Buhrman R A 2011 Phys. Rev. Lett.
106 036601

[16] Woo S, Mann M, Tan A J, Caretta L and Beach G S D 2014 Appl. Phys.
Lett. 105 212404

[17] Yang H, Zhang B, Zhang X, Yan X, Cai W, Zhao Y, Sun J, Wang K L,
Zhu D and Zhao W 2019 Phys. Rev. Appl. 12 034004

[18] Nagaosa N, Sinova J, Onoda S, MacDonald A H and Ong N P 2010
Rev. Mod. Phys. 82 1539

[19] Fukami S, Anekawa T, Zhang C and Ohno H 2016 Nat. Nanotechnol.
11 621

[20] Li Y, Kan H, Miao Y, Yang L, Qiu S, Zhang G, Ren J, Wang C and Hu
G 2020 Chin. Phys. B 29 017303

[21] Shi S, Liang S, Zhu Z, Cai K, Pollard S D, Wang Y, Wang J, Wang Q,
He P, Yu J, Eda G, Liang G and Yang H 2019 Nat. Nanotech. 14 945

[22] Wang Y, Zhu D, Wu Y, Yang Y, Yu J, Ramaswamy R, Mishra R, Shi S,
Elyasi M, Teo K L , Wu Y and Yang H 2017 Nat. Commun. 8 1364

[23] Chen Y T, TakahashI S, Nakayama H, Althammer M, Goennenwein S
T B, Saitoh E and Bauer G E W 2013 Phys. Rev. B 87 144411

[24] Liu Y, Chen T, Lo T, Tsai T, Yang S, Chang Y, Wei J and Pai C 2020
Phys. Rev. Appl. 13 044032

[25] Fan X, Wu J, Chen Y, Jerry M J, Zhang H and Xiao J Q 2013 Nat.
Commun. 4 1799

[26] Manchon A, Koo H C, Nitta J, Frolov S M and Duine R A 2015 Nat.
Mater. 14 871

[27] Ou Y, Pai C, Shi S, Ralph D C and Buhrman R A 2016 Phys. Rev. B 94
140414

[28] Jiang M, Asahara H, Sato S, Ohya S and Tanaka M 2020 Nat. Electron.
3 751

[29] Khvalkovskiy A V, Cros V, Apalkov D, Nikitin V, Krounbi M, Zvezdin
K A, Anane A, Grollier J and Fert A 2013 Phys. Rev. B 87 020402

[30] Pai C, Ou Y, Vilela-Leão L H, Ralph D C and Buhrman R A 2015 Phys.
Rev. B 92 064426

[31] Katine J A, Albert F J, Buhrman R A, Myers E B and Ralph D C 2000
Phys. Rev. Lett. 84 14

[32] Sun J Z 2000 Phys. Rev. B 62 570
[33] Koch R H, Katine J A and Sun J Z 2004 Phys. Rev. Lett. 92 088302
[34] Nan T, Emori S, Boone C T, Wang X, Oxholm T M, Jones J G, Howe

B M, Brown G J and Sun N X 2015 Phys. Rev. B 91 214416
[35] Mazraati H, Zahedinejad M and Åkerman J 2018 Appl. Phys. Lett. 113
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