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ABSTRACT
As electrical control of magnetization dynamics opens the door to realize spintronic devices, understanding the microscopic mechanisms of
spin current transport and its effect through the antiferromagnetic and interface is crucial. We studied magnetization dynamics modulated by
the spin current originated from the spin-orbit-torque using the rectifying planar Hall effect (PHE). In Ni81Fe19/NiO/Ni81Fe19 heterostructure
wire deposited on Pt/Ta cross-tie electrode, we measured the rectifying PHE as a function of external magnetic field angle and dc electric
current. By measuring the electrical responses of the heterostructure system, we found that the magnetization dynamics can be modulated by
the dc electric current flowing through the Pt/Ta electrode.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/9.0000397

I. INTRODUCTION

Manipulation of magnetic properties and its dynamics in
magnetic thin films have attracted a great deal of attention in
various research and development fields because of their unique
properties.1–3 Spin transfer torque (STT) is often used to write the
magnetic state.4–14 The STT is a torque derived from the spin angular
momentum transition, enabling magnetization reversal to be real-
ized by electric current. That is memory writing or switching can
be realized by the STT. In addition, the STT-based devices can also
become not only the microwave detection devices but oscillator.15–20

However, in order to generate the STT that realizes magnetization
reversal, a large current density is required for the magnetization
reversal. This intrinsic principle indicates that there are problems
in device reliability, limitation for number of writes, and power
saving.

Recently, a new type of spin dynamics excitation method
based on current-induced spin orbit torques (SOT) in a
Py(permalloy)/Pt(platinum) bilayer was demonstrated.21 This SOT

is derived from the interface effect associating with ferromagnetic
and non-magnetic heavy metallic layers, that is the SOT in this
system can be induced from the spin Hall effect in Pt and the Rashba
effect at the interface between Py and Pt layers.21–30 While the STT
element described above directly inputs a current to a magnetic
tunnel junction (MTJ) or a domain wall, an electric current is passed
through the element electrode in the SOT-based devices. That is in
the STT element, since the current flows directly through the MTJ,
the energy efficiency is good, but there is a possibility of breaking
the MTJ due to the leakage current. If an electric current that does
not flow directly to the element can be used, the reliability of the
MTJ can be ensured. In addition, by using SOT, there is a possibility
that the current density required for magnetization reversal can be
reduced. This discovery and application of SOT paved the way for
the practical application of SOT-based magnetic random-access
memory (MRAM).

In recent years, the antiferromagnets (AFMs) and multilayers
combing with ferromagnets (FMs) and AFMSs have been focused
because these systems show a low magnetic susceptibility and
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terahertz (THz) spin dynamics.31,32 By increasing the wireless com-
munication frequency, it is expected that the next generation
sixth generation (6G) communication frequency band in the THz
region, and it is attracting more attention. Recently, in the stud-
ies associated with the spin dynamics and spin transport prop-
erties, FM/AFM/heavy metal trilayer structures have been often
used to investigate spin transport in insulating AFMs. Experimental
techniques include the following two methods: one is microwave-
filed-induced magnetization dynamics in the FM layer to generate
a spin current transmitted through the AFM layer, the other is spin
Hall magnetoresistance measurements. These experimental studies
have indicated that the NiO layer can be an efficient spin conduc-
tor by evanescent spin wave propagation. Shang et al. suggested that
NiO can suppress the magnetic proximity effect and have possibility
to conduct spin transport between Pt and yttrium iron garnet (YIG)
through NiO layers.33

Here, we focused on the structure of the multilayer film
and demonstrated systematically measuring its spin dynamics and
spin Hall magnetoresistance. If NiO layer suppresses the magnetic
proximity effect and couples with the evanescent spin waves as
described above, quantum interference based on the spin waves
should be induced through the AFM. In recent years, several
methods have been proposed for the quantitative evaluation of SOT.
One is the harmonic Hall voltage measurement method, which is a
kind of electrical torque measurement,34–38 the other is the planar
Hall effect (PHE) measurement method by rectifying ferromag-
netic resonance.38–43 The former is a method of evaluating from a
relatively static response characteristic, and the latter is a method
of evaluating from a dynamic response. In this study, we demon-
strated the modulation of magnetization dynamics in the multilayer
structure consisting of Ni81Fe19/NiO/Ni81Fe19 by the SOT via the
observation based on the rectifying PHE.

II. SAMPLE PREPARATIONS AND EXPERIMENTAL
METHODS

Using electron-beam lithography and a lift-off process, we fab-
ricated systems comprising Substrate (SiO2/Si)/Ta(2 nm)/Pt(10 nm)
electrode/Ni81Fe19 (25 nm)/NiO (3 nm)/Ni81Fe19 (5 nm). The
sample line was 5 μm in width and 100 μm in length. In lift-off
process, using a magnetron sputtering machine, thin films were
deposited onto a SiO2/Si substrate at room temperature. For simul-
taneous measurements of magnetoresistance (MR) and PHE voltage
of a system, a cross-shaped electrode consisting of Ta/Pt was
prepared as schematically illustrated in Fig. 1. The width and thick-
ness of the electrode are 10 μm and 60 nm, respectively. After
the preparation of the cross-shaped electrode, the trilayer wire
was formed on the electrode. Finally, the coplanar waveguide elec-
trode was fabricated. To measure the electromagnetic properties, a
ground-signal-ground (GSG)-type microwave probe was connected
to the gold electrode, as schematically illustrated in Fig. 1(a).38,39 The
optical micrograph of the prepared device is displayed in Fig. 1(b).
We prepared a home-made automatic rotating magnetic field appli-
cation system as schematically illustrated in Fig. 1(c). This field
application system can freely rotate 360○ and apply an external
magnetic field up to about 200 G. For microwaves, up to 40 GHz can
be used. We placed the device onto the system as shown in Fig. 1(d).
Using the system, we evaluate the simultaneous rectifying voltage

FIG. 1. (a) Schematic of the sample geometry including Ground-Signal-Ground
(GSG) microwave probes for Radio frequency (RF) + direct current (DC) inputs
and Planar Hall voltage measurements. (b) An optical image of the sample. (c)
Schematic of home-made automatic angle rotation measurement system. (d) An
optical image of the measurement system. Schematics of the electrical measure-
ment circuits for the rectifying spectra (e) without and (f) with the DC electric
current, respectively. The external static magnetic field, Hext, is applied in the
substrate plane at the angle of θH from the longitudinal axis of the wire.

spectra from the long-axis and short-axis directions of the wire
using an electric circuit drawn in Fig. 1(e). Magnetization dynamics
induced by the application of dc current was measured through the
rectifying PHE using the electric circuit schematically illustrated in
Fig. 1(f). A coordinate system is defined as schematically illustrated
in Figs. 1(e) and 1(f). The direction parallel to the long-axis of the
wire is defined as θ = 0○ for the magnetic field application angle. All
measurements were performed at room temperature.

III. PHENOMENOLOGICAL CALCULATION
FOR MAGNETIZATION DYNAMICS BASED
ON MACRO-SPIN MODEL

The electric transport in a ferromagnet generally depends on
the direction of the magnetization. In this case, most of the electric
current flows through the Pt electrode, but a part of electric current
flows the magnetic multilayer. The system consisting of multilayer
on Pt electrode can be described by an equivalent circuit, and can
be regarded as an element in which a resistor including a magnetic
materials, an inductor component, and a capacitor component are
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combined. The phenomenological relationship between the electric
field E and the electrical current density j is written as3,38–41

E = ρ�j +m(j ⋅m) ⋅ (ρ∥ − ρ�) + ρHm × j, (1)

where m is the unit vector along the local magnetization, ρ
�

and
ρ
∥

are the resistivities perpendicular and parallel to j, respectively,
and ρH is the extraordinary Hall resistivity. Assuming that the
magnetization oscillates in time, an oscillating component of the
magnetization m = m0 + δm(t) can be introduced into Eq. (1). Here,
the magnetization dynamics can be described by the following
Landau–Lifshitz–Gilbert equation including the spin torque:4–8

dm
dt
= −γm × BS + α

MS
m × dm

dt
+ TDL + TFL, (2)

where α is the damping factor, BS is the effective field, γ is the
effective gyromagnetic ratio, and MS is the saturation magnetiza-
tion. TDL and TFL denote the damping-like (DL) and field-like (FL)
torques, respectively. The details of the calculation are lefts to the
literature, and the resulting spectral function can be described as fol-
lows. Using the macro-spin model as the first approximation, the
rectifying voltage spectrum fitting function of rf frequency, f , is
given by

F( f ) = A + B ⋅ f + C ⋅ 1

( f 2
r − f 2)2 + (Δ f ⋅ f )2

+D ⋅ ( f 2
r − f 2)

( f 2
r − f 2)2 + (Δ f ⋅ f )2

. (3)

Here, A, B, C, and D are fitting parameters. A and B are
the background contributions. C and D correspond to the
coefficients derived from the symmetric Lorentz-like and asym-
metric dispersive-like terms, respectively. The spectrum can be
described with the same shape regardless of the origins such as PHE
and AMR. Here, the ferromagnetic resonance frequency, fr , is given
by

fr = γ
2π

√
H�effH

∥

eff, (4)

where γ/2π = 3.52 × 104 Hz/(A/m) is the gyromagnetic ratio. An
external magnetic field Hext is applied at an angle θH from the

easy axis in the plane. The terms H�eff and H∥eff denote the effective
in-plane and out-of-plane magnetic anisotropy fields, respectively,
given by38,39

H�eff = Hext cos(θH − θM) + MS

μ0
(Ny −Nx) cos 2θM

+ Jex cos(θJ − θM) (5)

And

H∥eff = Hext cos(θH − θM) + MS

μ0
{Nz − (Nx cos2 θM +Ny sin2 θM)}

+ Jex cos(θJ − θM), (6)

where MS is the saturation magnetization and Nα (α = x, y, z) is a
demagnetizing factor in the Cartesian coordinate system (x, y, z).
In addition, we added an effective field, Jex, associated with the
contribution from the heterojunction. Jex is originated from the
heterojunction effect including magnetostrictive effect, magne-
toelastic effect, Rashaba interaction and Dzayloshinskii–Moriya
interaction,44,45 etc. When spin torque acts, the resonance frequency
and full width at half maximum (FWHM) are modulated as
follows: fr = γ

2π

√
H�effH

∥

eff + T2
ST and Δ = α(H�eff +H∥eff) + 2TST ,

where TST( associating withTDL and TFL)∝ j, respectively.

IV. RESULTS AND DISCUSSIONS
Figures 2(a) and 2(b) show typical spectra obtained from the

parallel and perpendicular directions to the rf current flowing direc-
tion in the absence of dc current, respectively. The external mag-
netic field application angle was set at θH = 15○. In both cases, the
resonance structures are clearly observed. Both resonance frequen-
cies are consistent with each other. The resonance voltage amplitude
was defined as the peak-to-peak voltage. Here, we define respec-
tive voltage amplitudes at the resonance frequency as V1 and V2,
as shown in Figs. 2(a) and 2(b). The signal, V1, is due to the oscil-
lation of anisotropic magnetoresistive effect (AMR). On the other
hand, the signal, V2, is derived from the oscillation of PHE. Next,
the angle dependences of the resonance voltage amplitude are shown
in Figs. 3(a) and 3(b). It was found that V1 and V2 show the exter-
nal magnetic field dependence of the curves of sin 2θH cos θH and
cos 2θH cos θH, respectively. The measured angle dependences are

FIG. 2. The typical dc voltage spectra
for (a) the longitudinal and (b) Hall direc-
tions at θH = 15○, respectively. The (a)
red and (b) blue curves correspond to the
spectra originated from the anisotropic
magnetoresistance (AMR) and planar
Hall effect (PHE), respectively.
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FIG. 3. The magnetic field angle θH
dependence of the dc voltage dif-
ferences (a) V1 and (b) V2 at the
FMR frequency. The red circles and
blue squares are measured data. The
black solid curves denote the fittings
curves proportional to sin 2θH cos θH and
cos 2θH cos θH.

in good agreement with the fitting results anticipated from the
macro-spin dynamics model. That is it can be understood that the
magnetization dynamics are excited in a state close to a single mag-
netic domain structure, and each rectified spectrum is expressed
through the AMR oscillation. As a result, it can be expected
that PHE can be used to investigate the contribution or impact
of SOT.

Figure 4 shows the θH dependence of resonance frequency.
The fitting with Eq. almost follows the measured data. This also
indicates that the magnetization precession is obeyed by the single
macro-spin model. The small discrepancy between the experimental
and theoretical results in the θH dependence of resonance fre-
quency is considered to be caused by the inhomogeneity of the
magnetization at the edges of the wire. These fitting curves shown
in Figs. 3 and 4 are in good agreement with the experimental results.
Their experimental results can be adequately explained in terms of
phenomenological analytical macro-spin model.

FIG. 4. FMR frequency as a function of the applied field angle θH. The red solid
line represents the corresponding fit with Eq. (3).

Next, in order to investigate the contribution of SOT, it is neces-
sary to detect and analyze the spin dynamics while applying a direct
current (dc) electric current along the long axis direction of the
thin wire. Using the electric circuit shown in Fig. 1(f), the rectifying
PHE voltage spectra were measured. When a dc power supply was
connected to the bias-T and dc electric current is applied directly to
the cross-type Pt electrode, FL-spin torque due to SOT is expected to
be induced through the hetero-interface between ferromagnet and
Pt electrode. In the strong exchange limit, when the electric field, E,
is applied to the x-direction, microscopic calculations describe that
the FL-spin torque, TFL ∝ m × (z × E), where z is the unit vector
along the z-direction, due to SOT is express as46

TFL ∼ −2eαRυ0( εF + Jex

γ↑
− εF − Jex

γ↓
)m × (z × E), (7)

where e, αR, υ0, εF , γ↑(↓), and Jex are the electron charge, Rashba
SOI strength at the interface, density of states per spin for two
dimensional electron gas, the Fermi energy, and strength of the
spin-dependent disorder scattering, and sd exchange interaction
strength, respectively. The FL-SOT spin torque, TFL, is originated
from the scattering of spin carries at the Ferumi surface with
a conductivity like behavior. The DL-SOT spin torque, TDL, is
given by TDL ∝ m × TFL, with an intrinsic nature arising from
the Berry phase curvature in the bang structure. That is TDL is
originated from that spins tilt and generate a nonequilibrium out-
of-plane spin polarization in response to an additional spin–orbit
field during the acceleration of carries induced by the applied
electric field. As described the above, the SOT-induced DL and
FL spin torques are proportional to the strength of the electric
field or electric current density. The SOT-induced spin torque,
TST , can exert the magnetization dynamics modulation through the
heterojunction.

Figures 5(a) and 5(b) show the typical rectifying voltage spec-
tra of AMR and PHE measured at θH = 0○ in the absence of the
dc electric current. When the dc electric current was applied, the
background voltage was too large to observe the rectifying AMR
spectra. On the other hand, the rectifying PHE spectra could be mea-
sured as shown in Fig. 5(c), in which displays the magnified spectra
in the red-colored dashed open squared area in Fig. 5(b) to magnify
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FIG. 5. Dc voltage spectra of (a) AMR and (b) PHE generated by the wire in
response to the rf current only under the magnetic field of 100 G at θH = 15○. (c)
The dc electric current dependence of PHE spectra of the magnified red dashed
area in Fig. 5(b). Each PHE spectrum is vertically shifted for clarity.

the behaviors of spectra near the ferromagnetic resonance. The rec-
tifying PHE voltage spectra with varying the dc electric current are
vertically shifted and plotted for clarity as shown in Fig. 5(c). It can
be clearly seen that the rectifying PHE spectra survives and strongly
depends on the dc electric current. It can be seen that the spectral
width of the ferromagnetic resonance, Full width at Half Maximum
(FWHM), changes as the dc current is applied from −8 mA (cur-
rent density, jdc, flowing through the electrode is −1.3 ×1010 A/m2)
to + 15 mA (jdc = + 2.5 ×1010 A/m2). Each spectrum was measured
after a time interval of about 3 min after dc current was applied, and
the measurement was started only after a sufficient thermal equi-
librium state was reached. Then, the contact resistance stabilized
while confirming that the contact resistance had not changed. The
discontinuous jumps in the spectra are probably due to magnetiza-
tion dynamics induced by the dc current application.

Using the spectrum fitting function given by Eq. (3), all
measured spectra were fitted as shown in Fig. 5(c). The red solid
curves denote the fitting curves. As a result, we estimated the dc
electric current dependence of resonance frequency and FWHM as

FIG. 6. The dc electric current dependence of (a) FMR frequency and (b) Full width
at Half Maximum (FWHM).

shown in Figs. 6(a) and 6(b), respectively. Both linearly decrease
with increasing the dc electric current. If the behavior is induced
by the effect of Joule heat generation, the temperature rises in pro-
portion to the square of the dc electric current. That is since the
magnetization decreases in proportion to the square of the dc electric
current, the resonance frequency simply decreases with the increase
of dc electric current. At that time, the FWHM should be affected
by the magnetization fluctuation due to the Joule heating, so it is
expected that it will simply tend to increase. There is a minimum
around the absence of dc electric current in the dc current depen-
dence of resonance frequency. The dc electric current dependence of
resonance frequency would indicate parabolic function. The behav-
ior of FWHM also would exhibit the same way. However, the actual
experimental results show a tendency that is completely different
from this expectation. That is the results are not consisted with
the scenario which the modulation of magnetization dynamics is
induced by only the Joule heating effect. As a result, the results
of Fig. 6 show that the dc current dependences of resonance fre-
quency and FWHM varies linearly. The gradients are estimated
to be ∣ d fR

dI ∣ = 4 GH/A and ∣ d(Δ f )
dI ∣ = 1.8 GHz/A, respectively. These

behaviors are excited by the modulation of the magnetization due
to the spin torque. Our study opens a new path to understand the
quantitative evaluations for the contribution of SOT-induced spin
torque in various systems.

In a system in which spin torque acts, it is possible to modu-
late magnetization dynamics. The changes of FWHM and resonance
frequency by current or voltage can be quantitatively evaluated
by the electrical rectifying ferromagnetic resonance measurements.
As this study demonstrated, this measurement procedure can pro-
vide a useful method or tool for evaluating the contribution of
SOT-induced spin torque. We remark here that it should also be
possible to modulate magnetization dynamics by the SOT-induced
spin torque in multilayer structures.

Our findings shed light on a new clue to control and modu-
late the magnetization dynamics in complex multilayer structures
though the heterojunction among the heavy elemental electrodes,
ferromagnetic and antiferromagnetic materials. We have shown
that it is possible to modulate the magnetization dynamics without
the need of a Zeeman field, which will be of potential importance
in devices such as detectors, oscillators, magnetic random access
memory, and magnetic logic devices.

V. SUMMARY
In summary, we developed the automatic home-made mea-

surement system to investigate the magnetization dynamics mod-
ulated by the SOT-FL spin torque using the rectifying PHE. Using
the measurement system, we demonstrated experimentally that
the modulation of magnetization dynamics in Py/NiO/Py wire
deposited on Pt electrode is induced by the SOT-FL spin torque
due to the dc electric current application in Pt layer. The rectify-
ing PHE spectra can be strongly modulated by the application of
dc electric current. We suggest that systematic studies of SOT-FL
spin torque and estimation of Joule heating effects may additionally
yield understanding of the phenomena and properties of multi-
layer systems. Our findings open venues for further studies on the
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role of the heavy-metal electrode and evaluation of magnetization
dynamics modulation induced by the SOT-FL spin torque in various
systems.
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