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Electric field induced parametric excitation of exchange magnons in a CoFeB/MgO junction
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Inspired by the success of field-effect transistors in electronics, electric field controlled magnetization dy-
namics has emerged as an important integrant in low-power spintronic devices. Here, we demonstrate electric
field induced parametric excitation for CoFeB/MgO junctions by using interfacial in-plane magnetic anisotropy
(IMA). When the IMA and the external magnetic field are parallel to each other, magnons are efficiently excited
by electric field induced parametric resonance. The corresponding wavelengths are estimated to be tuned down
to exchange interaction length scales by changing the input power and frequency of the applied voltage. A
generalized phenomenological model is developed to explain the underlying role of the electric field torque.
Electric field control of IMA is shown to be the origin for excitation of both uniform and parametric resonance
modes in the in-plane magnetized sample, a crucial element for purely electric field induced magnetization
dynamics. Electric field excitation of exchange magnons, with no Joule heating, offers a good opportunity for
developing nanoscale magnonic devices and exploring various nonlinear dynamics in nanomagnetic systems.
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I. INTRODUCTION

Nonlinear dynamics in magnetic systems have attracted
considerable attention from a fundamental research stand-
point, as well as for applications in reservoir computing [1–3].
Interaction among spins in magnetic materials is intrinsically
nonlinear, which gives rise to several phenomena such as
harmonic oscillation and auto-oscillation in magnetically ex-
cited states [4,5]. The collective excitation of spins gives rise
to propagating spin wave modes, whose quanta are known
as magnons, that carry angular momentum. Therefore, the
spin wave is also useful for generating spin current [6–8].
Magnetic insulators, such as Y3Fe5O (YIG), are considered
excellent materials for studying the nonlinearity in magnetiza-
tion dynamics due to their small magnetic damping. However,
compatibility of such insulating magnets with computing
technology is limited by the fact that high-quality garnets
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are typically grown on Gd3Ga5O substrates, whereas existing
complementary metal-oxide semiconductor (CMOS) technol-
ogy uses metallic thin films grown on Si substrates. Therefore,
the ability to excite and control nonlinear dynamics in metallic
ferromagnets such as CoFeB is considered a promising avenue
toward realizing spintronic devices that are compatible with
CMOS processes.

Reports on nonlinear parametric excitation in insulating
ferromagnets, like YIG, far exceed those of their metallic
counterparts because of lower linewidths of resonant spectra
and hence lower threshold power for exciting nonlinear dy-
namics [9–11]. Recent discoveries in the field of spintronics
such as spin-transfer torque [12,13], spin-orbit torque [14] and
electric field torque [15] have provided unique insight towards
studying nonlinear dynamics in magnetic systems. The elec-
tric field torque, originating from voltage controlled magnetic
anisotropy (VCMA) at ferromagnetic metal-oxide interfaces,
allows us to control the magnetization without Joule heat-
ing [15–18]. The parametric excitation using VCMA was
theoretically predicted [19] and then experimentally realized
using magnetic tunnel junctions with an MgO tunneling layer
[20]. VCMA originates from selective electron-hole doping
in the 3d orbitals of the interfacial ferromagnetic atoms in
the presence of an electric field [21,22]. Therefore, electric
field torque on the magnetization arises due to a modulation
of the interfacial perpendicular magnetic anisotropy (PMA)
[23–28]. The torque is proportional to (dHp/dV )V sinθcosθ :
modulation of the PMA field Hp per unit voltage V , i.e.,
(dHp/dV )V , and orientation of magnetization, i.e., θ , the
elevation angle of the magnetization from the film plane.
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FIG. 1. (a) Schematic showing the orientation of the perpendicu-
lar magnetic anisotropy field Hp and in-plane magnetic anisotropy
field Hk . Magnetization M is taken parallel to magnetic field Hex

applied at an elevation angle θ and azimuthal angle φ. A microwave
voltage is applied at the CoFeB/MgO junction using an input power
Pin. Spin current Js is pumped and then converted into charge current
Jc due to inverse spin Hall effect of the Ta layer. (b) Optical image of
the sample used in this paper. The top electrode on MgO is marked
as T, and the bottom electrodes of the Ta layer are marked as B. The
rectified voltage from Jc, i.e., VISHE, is detected across the Ta/Ru/Ta
underlayer.

Note that the torque on the magnetization is zero for in-plane
(θ = 0◦) and perpendicular (θ = 90◦) magnetized ferromag-
netic thin films. To overcome this limitation, the interfacial
magnetic anisotropy of CoFeB/MgO junctions can be tuned
by magnetic annealing [29], which allows us to control the
symmetry of the electric field torque via VCMA [see Eq. (2)].
In this paper, we demonstrate electric field induced magneti-
zation dynamics for an in-plane magnetized CoFeB layer by
using VCMA of in-plane magnetic anisotropy (IMA) induced
by magnetic annealing. The parallel pumping configuration,
in which the microwave driving field, generated by voltage-
controlled IMA, is applied parallel to the external field, has
lower critical fields of nonlinear magnetization dynamics
which can then excite various magnons. The applied power
dependence of magnons is studied to gain insight into the
dynamical processes. Finally, a phenomenological model is
developed to confirm the role of the electric field torque via
VCMA of IMA in excitation of the magnetization dynamics.

II. METHODS

Multilayer stacks of Ta(5)/Ru(10)/Ta(5)/Co20Fe60B20

(1.8)/MgO(2)/Al2O3(10), (numbers in parentheses are thick-
nesses in nm), were sputtered at room temperature onto
thermally oxidized Si (100) substrates. The multilayer stack
was patterned into rectangles of length (l) 250 μm and width
(w) 20 μm by photolithography and Ar+ ion milling. Au
electrodes were fabricated by lift-off processes. After device
fabrication, the samples were annealed with a 0.7 T magnetic
field along the shorter axis of the rectangle (x axis, θ = φ =
0 ◦) to induce an IMA. Magnetization dynamics are excited
by applying an AC voltage which modulates Hp and Hk of the
CoFeB/MgO junction, as shown schematically in Fig. 1(a).
Uniform ferromagnetic resonance (FMR) and magnons can
generate spin current toward an adjacent Ta layer via spin
pumping, and the injected spin current can be detected using
the inverse spin Hall effect (ISHE). The ISHE voltage VISHE

was detected by a standard lock-in detection technique. The
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FIG. 2. (a) Inverse spin Hall voltage VISHE as a function of exter-
nal magnetic field Hex for different input powers Pin at a frequency
f = 3 GHz, when Hex is applied along θ = φ = 0 ◦. (b) Resonance
field Hres,1 of the ferromagnetic resonance mode as a function of
Pin at f = 3 GHz. (c) VISHE spectra, at high power Pin = 0.3 W, for
f = 2–5 GHz. (d) f as a function of Hres (for Hres,1 and Hres,2). The
experimental data are fitted with the Kittel equation (lines).

amplitude of the input microwave is modulated at a reference
frequency of 79 Hz. The DC rectified voltage is detected
across the two ends of the Ta strip [bottom electrodes marked
on the upper side in Fig. 1(b)] using a lock-in amplifier. We
obtained μ0Hp = 1405 mT and μ0Hk = 2.5 mT for PMA and
IMA, respectively, from φ-dependent VISHE measurements
(see Appendix A). All measurements are performed at room
temperature.

III. RESULTS AND DISCUSSION

Figure 2(a) shows VISHE spectra as a function of input
power Pin at frequency f = 3 GHz when Hex is applied along
θ = φ = 0 ◦. For Pin < 0.08 W, we observe a single peak
around μ0Hex = 63 mT (Hres,1) in the VISHE spectrum. As
Pin>0.08 W, we observe the emergence of a second peak
around μ0Hex = 23 mT (Hres,2). Figure 2(b) shows the de-
pendence of Hres,1 on Pin. Above Pin ∼ 0.08 W, Hres,1 starts
to shift. Interestingly, this shift of ∼0.5 mT is significantly
smaller than that obtained for our control sample where the
shift is ∼3.6 mT when FMR is excited using a z-axial Oer-
sted field (see Appendix B). A second peak also appears
at Hres,2 above Pin ∼ 0.08 W, indicating the onset of para-
metric resonance excitation. The VISHE spectrum at Pin =
0.3 W for different applied microwave frequencies is shown
in Fig. 2(c). Here, Hres,1 and Hres,2 both increase with in-
creasing frequency and are fitted to the Kittel formula f =
γ
√

Hres,1(Hres,1 + Meff ) and f
2 = γ

√
Hres,2(Hres,2 + Meff ), re-

spectively, with γ the gyromagnetic ratio whose value is
estimated to be 0.0298 GHz mT−1 [29] and μ0 the permeabil-
ity of free space. The effective demagnetizing field Meff (=
Ms − Hp) is estimated to be 95 mT. The rectified voltages at
Hres,1 and Hres,2 correspond to the uniform FMR mode and the
parametric magnon mode, respectively.
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FIG. 3. (a) Threshold power of parametric excitation modes as
a function of Hex for f = 2–4 GHz. (b) Corresponding magnon
wavelengths, calculated using Eq. (1), as a function of Hex for f =
2–4 GHz.

The threshold power of the parametric excitation as a
function of the external magnetic field was measured (see
Appendix C), as shown in Fig. 3(a). We can see the lowest
threshold power at Hex∼Hres,2 and the butterfly curve well
known in the nonlinear magnetization dynamics reported for
YIG and NiFe [30–32]. In the linear excitation regime, the
cone angle of the magnetization precession is small enough
to consider Meff to be constant, and therefore, no change of
Hres,1 is observed in the Pin dependence, as can be seen in
Fig. 2(b). However, in the nonlinear excitation regime, a large
angle of precession causes a change of Meff , evident from
Hres,1 which varies with Pin, as observed in metallic NiFe [33]
and insulating YIG [34] earlier. The magnetization component
parallel to the effective field, i.e., mx, oscillates (δmx ) at a
frequency twice that of the transverse components [35]. This
can directly couple with a modulation of Hk via VCMA,
the so-called parallel pumping, which shows a minimum of
the threshold power at Hex∼Hres,2. As Pin increases, various
magnon modes are excited for Hex < Hres,2. We can calculate
the corresponding wavelength λ as a function of Hex using the
relation [36]:

λ=
⎡
⎣ Meff

2γ A

⎛
⎝

√(
f

2

)2

+
(γ Meff

2

)2

−γ
(

Hex+Meff

2

)⎞
⎠

⎤
⎦

−0.5

.

(1)

Figure 3(b) shows the Hex vs λ plot for the sample in
this paper. The estimated values of λ in the low Hex re-
gion are two orders smaller than the lateral excitation length
scales, well into the exchange-interaction regime for magnons
which becomes predominant at λ < 1 μm. The wavelength
and wave number can be tuned by changing the input power
and frequency of the applied voltage. The drastic increase in
threshold power for Hex > Hres,2 is because no magnon mode
exists in this region.

Subsequently, we study the power dependence of the volt-
age amplitudes to gain insight into the processes driving the
magnons. Figures 4(a) and 4(b) show the dependence of the
magnitude of VISHE on Pin at μ0Hex = 31, 11.5, 6, and 3 mT
for f = 2 GHz and at μ0Hex = 63.1, 20.5, 10, and 5 mT
for f = 3 GHz, respectively. In the low Pin region, VISHE of
the FMR mode (μ0Hex = 31 and 63.1 mT) increases linearly
with increasing Pin, and no broadening of the VISHE peak was
observed, implying that the magnetization dynamics follows
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FIG. 4. Amplitude of VISHE as a function of input power Pin, for
different Hex, at frequencies (a) 2 GHz and (b) 3 GHz. Gray and red
lines are linear fits to Pin, while blue and green lines are quadratic fits
to Pin.

the Landau-Lifshitz-Gilbert equation with a constant damping
term, in the linear excitation regime. As Pin increases further,
an additional peak due to the excitation of parametric reso-
nance can be observed around μ0Hex = 11.5 and 20.5 mT for
f = 2 and 3 GHz, respectively. Note that VISHE of the para-
metric excitation mode increases linearly with increasing Pin

in the low power region, as seen in Fig. 4. VCMA of Hk , which
is parallel to the external magnetic field, can directly couple
with a quasi-uniform mode at 2 f , so-called parallel pumping,
and therefore, VISHE increases linearly with Pin, which can be
attributed to a monotonic increase in the amplitude of δmx. In
the high Pin region, such a linear behavior for the paramet-
ric excitation mode is suppressed, and nonzero VISHE at low
magnetic fields [μ0Hex = 6 and 3 mT in Fig. 4(a) and 10 and
5 mT in Fig. 4(b)] are observed. This behavior can be under-
stood in terms of energy transfer from the parametric mode
to higher-order magnon modes, in which the threshold power
of the instabilities is determined by competition between the
mode-coupling efficiency and the magnon linewidth [37]. The
coupling efficiency of the parametric excitation mode scales
with the square of its amplitude [30], and therefore, VISHE

increases as a function of the square of Pin. As Pin increases
further, there is a deviation from linear dependence. This
can be attributed to the scaling of the voltages as a function
of the square root of the power because of the temperature
independence of parametric instabilities [20]. We note that, in
our samples, such a deviation from linear dependence at high
input power may also be due to Joule heating and magnon-
magnon scattering which increases the magnon linewidth.

To understand the contribution of VCMA to magnetization
dynamics in the samples, we develop a phenomenological
model of VISHE. The torque arising from VCMA of both Hp

and Hk can be estimated as below (see Appendix D):

τVCMA ∝

⎡
⎢⎣

− ∂Hp

∂V Vrf sin ϕ sin θ cos θ( ∂Hp

∂V − ∂Hk
∂V

)
Vrf cos ϕ sin θ cos θ

∂Hk
∂V Vrf sin ϕ cos ϕcos2θ

⎤
⎥⎦, (2)

where ∂Hp/∂V and ∂Hk/∂V represent the voltage depen-
dence of anisotropy fields Hp and Hk , respectively, and Vrf

is the amplitude of AC voltage applied at the CoFeB/MgO
junction. From a theoretical model, rectified voltage of VISHE

is given by VISHE = A′θ2
c cos ϕ cos θ [38–40]. Here, θc is

the cone angle of the magnetization precession and A′ =
− θSHeζ f λsdLNMg↑↓

σNMtNM
tanh( tNM

2λsd
), where e, g↑↓, ς , θSH, λsd, σNM,
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The experimental data are fitted with Eq. (4). (b) Dependence of
VISHE amplitude on azimuthal angle φ, at μ0Hex = 11.5 mT, for input
power Pin = 0.280 W and f = 2 GHz. The experimental data are
fitted with cos3φ.

LNM, and tNM are the charge of an electron, spin mixing con-
ductance of the Ta/CoFeB interface, correction factor arising
from elliptical precession trajectories, spin Hall angle, spin
diffusion length, conductivity, length, and thickness of the Ta
layer, respectively. In our analysis of the angular dependence
of the uniform FMR mode, since our Hp is almost equal to
the demagnetizing field, we can approximate the ς ∼ 1 [35].
In the linear excitation regime, θc = ητ , we can obtain the
following expression of VISHE for the electric field torques:

VISHE,VCMA = AV 2
rf

{(
∂Hp

∂V
sin ϕ sin θ

)2

+
[(

∂Hp

∂V
− ∂Hk

∂V

)
cos ϕ sin θ

]2

+
(

∂Hk

∂V
sin ϕ cos ϕ cos θ

)2}
cos ϕcos3θ,

(3)

where A = A′η2, and η is a constant of proportionality cor-
relating θc and τ . The application of a microwave voltage in
the sample gives rise to an induced current, which causes hrf

[23]. Therefore, in our analysis, we should consider Oersted
field torques to be caused by hrf,x, hrf,y, and hrf,z, and so we
performed finite element method (FEM) analysis using COM-
SOL multiphysics simulator (see Appendix E). It reveals the
presence of x- and y-axial Oersted fields arising from an in-
duced current, while the z-axial Oersted field is zero. Further,
for the samples used in this paper, which have l : w = 12 : 1,
the Oersted field along the shorter in-plane dimension is very
small compared with that oriented along the longer one, i.e.,
hrf,x � hrf,y. As a result, the in-plane angle dependence (θ =
0 ◦) of VISHE can be obtained as follows:

VISHE,ϕ = a

[
4

(
∂Hk

∂V
Vrf

)2

sin2ϕ + h2
rf,y

]
cos3ϕ, (4)

where a = A/4.
Figure 5(a) shows VISHE as a function of φ for the FMR

mode. While the Oersted field torque, arising from hrf,y, gives
us a maxima at φ = 0 ◦, the electric field torque, via VCMA
of Hk , gives us a maxima at an angle between φ = 0 ◦ and
90 °. Therefore, an increase of VISHE at φ = 40 ◦ in Fig. 5(a)
suggests that the electric field torque gives rise to the FMR
mode. The experimental data are fitted using Eq. (4) with the
values a( ∂Hk

∂V Vrf )2 = 2.87 and ah2
rf,y = 0.88. The contribution

of hrf,y can be understood to arise from an impedance mis-
match between the sample and the 50 � signal line. As the
frequency increases, the VCMA efficiency decreases and the
Oersted field contribution increases because the sample shows
a capacitive nature (see Appendix F). This was confirmed by
performing the angular dependences at different frequencies;
we obtained values a( ∂Hk

∂V Vrf )2 = 0.90 and ah2
rf,y = 0.65 for

f = 4 GHz (see Appendix G). In this paper, at Pin = 0.001 W,
we confirm that the electric field torque is higher than the Oer-
sted field torque up to applied microwave frequency ∼4 GHz.

In addition to the uniform FMR mode, we studied the
torque contribution of the parametric excitation. Figure 5(b)
shows VISHE as a function of φ at μ0Hex = 11.5 mT for f =
2 GHz. The amplitude can be fitted using a cos3φ function,
which is different from the FMR mode. This behavior is well
understood by considering the parallel pumping mechanism.
VCMA of Hk can directly couple with the quasi-uniform
mode with 2 f , and thus, its torque is obtained to be a function
of cosφ. As discussed previously, assuming the precession
angle θc is proportional to its torque, VISHE is proportional to
θ2

c and thus to cos2φ. The product of this with the detection
efficiency of ISHE, which is proportional to cosφ, gives us
cos3φ, which is used for fitting to the experimental data. A
similar angular dependence is obtained for other frequen-
cies. For the parametric excitation, two mechanisms can be
considered: one is parallel pumping [30], and the other is
the first-order Suhl instability via the FMR mode [41]. As
mentioned above, the parallel pumping field can be directly
coupled with the magnon mode, and therefore, the critical
field of the parametric excitation is much lower than that of the
first-order process. In fact, no magnon with k 	= 0 is excited
by the Oersted field torque of hrf,z in our control sample that
can give rise to only a perpendicular pumping mechanism (see
Appendix B). To summarize, in Figs. 2 –4, when Hex is along
the x axis, although the uniform FMR mode is excited by the
Oersted field hrf,y, the excitation of exchange magnons via
parametric resonance can only be explained using a parallel
pumping mechanism, i.e., VCMA of Hk .

IV. CONCLUSIONS

In conclusion, we have demonstrated the excitation of mag-
netization dynamics in CoFeB/MgO junctions by the electric
field torque via VCMA. The interfacial magnetic anisotropies
allow us to excite not only uniform FMR modes but also
parametric modes for the in-plane magnetized CoFeB layer.
More importantly, through the VCMA of IMA, parallel pump-
ing enables us to reach critical fields at lower powers for
the nonlinear excitation and to couple effectively with vari-
ous magnon modes. This allows us to tune its wavelengths
down to exchange interaction length scales. Magnetoelectric
effects in ferromagnetic metal-oxide junctions are reported
through other mechanisms such as reversible oxidation [42]
and piezoelectricity [43], in addition to VCMA. The advan-
tage of VCMA lies in its compatibility with existing CMOS
technologies that operate in the gigahertz regime, whereas the
former effects operate only in the kilohertz regime. Therefore,
the electric field torque effects demonstrated in this paper are
useful toward development of spintronic computing technolo-
gies, particularly magnonic logic devices [44].
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APPENDIX A: ESTIMATION OF MAGNETIC
ANISOTROPY FIELDS IN THE CoFeB/MgO JUNCTION

The angular-dependent FMR measurement is an efficient
technique to accurately estimate magnetic anisotropy in fer-
romagnetic thin films [29,45] compared with that estimated
from magnetic hysteresis measurements. This is especially
true when the magnetic anisotropy field is significantly lower
than the demagnetizing field. The FMR measurements should
be performed at low input power to eliminate nonlinear mag-
netization dynamics that cause a change in demagnetizing
field in the sample. This can enable us to estimate anisotropy
fields down to a few Oersteds [45]. Here, to estimate the val-
ues of in-plane and PMA fields, i.e., Hk and Hp, respectively,
we measured the dependence of rectified voltage VISHE on the
in-plane azimuthal angle φ. The input power of the applied
microwave is 0.001 W. The FMR spectra were fitted using the
Lorentzian function, as shown in Fig. 6(a). From the fitting,
we can estimate the resonance field Hres,1 as a function of φ, as
shown in Fig. 6(b). The data are then fitted using the following
equation [29]:

Hres,1 = −Hk + 3

2
Hksin2ϕ − (Ms − Hp)

2

+ 1

2

[
H2

k sin4ϕ + (Ms − Hp)2 + 2(Ms − Hp)Hksin2ϕ

+ 4

(
f

μ0γ

)2]1/2

, (A1)

where Ms is the saturation magnetization, γ is the gyromag-
netic ratio, and μ0 the permeability of free space. From this
fitting, we can estimate μoHp and μoHk are 1405 mT and
2.5 ± 0.2 mT, respectively, in the samples.
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FIG. 6. (a) Inverse spin Hall effect voltage VISHE spectrum at f =
3 GHz for an in-plane Hex along φ = 40 degree. The experimental
data are fitted with Lorentzian function (line) to obtain Hres,1. (b)
Azimuthal angle φ dependence of Hres,1 for f = 3 GHz. Sinusoidal
dependence shows the presence of an in-plane anisotropy in addition
to the perpendicular magnetic anisotropy. The experimental data are
fitted with Eq. (A1) (line) to obtain Hk and Hp.

APPENDIX B: INVERSE SPIN HALL VOLTAGE
MEASURMENTS USING COPLANAR WAVEGUIDE

We performed an in-plane angle-dependent measurement
of the rectified voltage to determine the origin of the recti-
fied voltage in the Ta/Ru/Ta/CoFeB/MgO multilayer stacks.
The samples used in this measurement are like those used
in our previous study [29]. Figure 7(a) shows the schematic
of the setup used for detecting the rectified voltage. FMR
is excited by a z-axial microwave field hrf,z that is gener-
ated due to a charge current flowing in a nearby coplanar
waveguide. According to Harder et al. [46], in this setup,
anisotropic magnetoresistance (AMR) and anomalous Hall ef-
fect (AHE) of the ferromagnet show Lorentzian and dispersive
line shapes, respectively, and spin pumping-ISHE (SP-ISHE)
shows Lorentzian line shape. However, the AMR and ISHE
spectra show a different symmetry as a function of in-plane
angle φ. While the rectified voltage originating from AMR
shows a sin2φ dependence, the SP-ISHE signal shows a cosφ
dependence. Figure 7(b) shows the rectified voltage in the
sample. We can see a clear Lorentzian component in the
spectrum. Figure 7(c) shows the angular-dependent values
for the Lorentzian component of the rectified voltage, which
indicates a cosφ dependence. This allows us to eliminate the
possibility of AMR and AHE in our multilayer stacks and
confirm that the rectified voltage originates from ISHE.

We measured the dependence of the VISHE spectra for the
sample on the input power via the Oersted field torque ex-
citation. Figure 7(d) shows typical power-dependent VISHE

spectra at f = 3 GHz and φ = θ = 0◦. In this configuration,
hrf,z excites FMR mode with a maximum torque, as can be
seen in Eq. (D7). Figure 7(e) shows VISHE as a function of
input power Pin, which confirms that the sample enters the
nonlinear excitation regime at Pin > 0.07 W. However, no
peak can be observed in Fig. 7(d) for the parametric excitation
process. This indicates that perpendicular pumping shows a
high threshold power of the parametric excitation of the sam-
ple.

APPENDIX C: ESTIMATION OF THRESHOLD POWER
FOR PARAMETRIC EXCITATION PROCESS

To estimate the threshold power for parametric pumping
via electric field torque, the VISHE spectra are measured as
a function of Pin with an increment of 0.5 dBm, as shown
in Fig. 8. For Pin up to 8.5 dBm (i.e., 7.1 mW), we observe
only one peak for the FMR mode, as shown in Fig. 8(a). The
background signal in the spectra is ∼6 μV for Pin = 8.5 dBm
and increases to 15 μV at Pin = 11.5 dBm (i.e., 14.1 mW).
The spectra presented in Fig. 8 have been vertically translated
by subtracting the background signal. At Pin = 9.0 dBm (i.e.,
7.9 mW), in addition to the FMR peak at μ0Hex ∼36 mT,
we observe a new peak of the VISHE spectrum around μ0Hex

∼12 mT, as shown in Fig. 8(b). This value of Pin is taken as
the threshold power for μ0Hex ∼12 mT. The parametric peak
broadens with increasing Pin, thereby allowing us to obtain the
threshold for other values of Hex. As Pin increases to 11.5 dBm
(i.e., 14.1 mW), we can obtain peaks for 0 mT < μ0Hex <

15 mT in the spectra, as shown in Fig. 8(f). Using this process,
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FIG. 7. (a) Experimental setup used for detecting rectified voltage across heavy metal underlayer. A z-axial microwave field hrf,z is
generated by a coplanar waveguide near the multilayer strip, and a magnetic field Hex is applied in the in-plane direction. (b) Rectified
voltage spectra (circles) obtained for a microwave frequency of 8 GHz. Lines are fits to the experimental data using the Lorentzian function.
(c) Amplitude of the Lorentzian L component (circles) as a function of in-plane azimuthal angle φ, fitted (line) using cosφ. (d) Typical VISHE

spectra for different input power Pin ranging from 0.001 to 0.631 W ( f = 2 GHz). (e) VISHE amplitudes and (f) resonance field Hres as a function
of the input power. Linear fit (gray line) to the experimental data in Fig. 7(e) implies a linear excitation regime, and the arrow in Fig. 7(f)
indicates the transition from linear to nonlinear excitation regime.

the values of the threshold power are plotted as a function of
Hex in Fig. 3(a).

APPENDIX D: INVERSE SPIN HALL VOLTAGE OF THE
CoFeB/MgO JUNCTION

The torque on the magnetization in ferromagnets can be
estimated using the relation τ ∝ m̂ × Heff , where m̂ is the unit
magnetization vector with components (cosθcosφ, cosθsinφ,
and sinθ ), and Heff is the effective magnetic field given by the

(a)

(b)

(c)

(d)

(e)

(f)

V I
SH

E
(µ

V)

µ0Hex (mT)

FIG. 8. (a)–(f) Typical VISHE spectra at f = 2 GHz for different
values of input power Pin ranging from 8.5 to 11.5 dBm. Magnetiza-
tion is oriented along the x axis by applying Hex along θ = φ = 0 ◦.

differential of magnetic free energy F as follows:

Heff = 1

μoM

∂F

∂
∧
m

. (D1)

The generalized expression of F can be written as the sum
of magnetic anisotropy, demagnetizing, and Zeeman energies.
For the sake of simplicity, we consider only the terms that
have a time-dependent characteristic as follows:

F = μoMS

2

(
− ∂Hp

∂V
Vrfm

2
z − ∂Hk

∂V
Vrfm

2
x

+ hrf,xmx + hrf,ymy + hrf,zmz

)
, (D2)

where ∂Hp

∂V Vrf and ∂Hk
∂V Vrf are the voltage modulated parts of

Hp and Hk , respectively, hrf,x, hrf,y, and hrf,z are the x-, y-,
and z-axial microwave fields and mx, my, and mz are the x,
y, and z components of m̂ , respectively. Due to the effect
of the electric field on the anisotropy fields, we can assume
the anisotropy fields as the sum of Hani = (Hani )V =0 + ∂Hani

∂V Vrf ,
where the first term on the right is the anisotropy in the unbi-
ased condition, i.e., V = 0, while the second term accounts for
the voltage modulated increase or decrease of Hp or Hk due to
a microwave voltage Vrf . Using Eq. (D1) and the VCMA terms
of Eq. (D2), we can estimate the torque arising from VCMA
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FIG. 9. Schematic to show the quantities described in the deriva-
tion. In the experiment, the external magnetic fields Hex are applied
in the film plane (elevation angle θ = 0 ◦). Due to voltage controlled
magnetic anisotropy (VCMA) or Oersted fields, there will be a torque
τ on the magnetization. As a result, it will oscillate mac around
Hex during resonance, with a cone angle θc. Spin current Js with a
polarization s is pumped into the Ta layer from the CoFeB layer,
which decays as it enters deeper inside the Ta layer. This decay
(dashed orange curve) is characterized by the spin diffusion length
λsd.

of both Hp and Hk as

τVCMA ∝
⎡
⎣ − ∂Hp

∂V Vrf sin ϕ sin θ cos θ( ∂Hp

∂V − ∂Hk
∂V

)
Vrf cos ϕ sin θ cos θ

∂Hk
∂V Vrf sin ϕ cos ϕcos2θ

⎤
⎦. (D3)

Due to the voltage modulation of Hk , we can have a
nonzero torque on the magnetization even when it is oriented
in the film plane (θ = 0 ◦). Such a torque is not possible from
the voltage modulation of Hp.

From the theory of spin pumping, the DC component
of ISHE voltage VISHE in our device geometries is given
by VISHE = Aθ2

c cos ϕ cos θ . Here, θc is the precession cone

angle, and A = − θSHe f λsdLNMg↑↓
σNMtNM

tanh( tNM
2λsd

), e being the charge
of an electron, and g↑↓ is the spin mixing conductance of
the CoFeB/Ta interface. These quantities are represented
schematically in Fig. 9. The precession cone angle is strongly
dependent on the torque on the magnetization. Assuming a
linear relationship between the two in the linear excitation
regime, i.e., θc = ητ , we can obtain the following expression
for the angular-dependent behavior if VISHE originates from
the electric field induced FMR:

VISHE,VCMA = AV 2
rf

{(
∂Hp

∂V
sin ϕ sin θ

)2

+
[(

∂Hp

∂V
− ∂Hk

∂V

)
cos ϕ sin θ

]2

+
(

∂Hk

∂V
sin ϕ cos ϕ cos θ

)2}
cos ϕcos3θ.

(D4)

Following a similar process, we can obtain the correspond-
ing relations for VISHE arising out hrf,x, hrf,y, and hrf,z as
follows:

VISHE,hx = A
h2

rf,x

4
(sin2θ + cos2θsin2ϕ) cos ϕ cos θ, (D5)

VISHE,hy = A
h2

rf,y

4
(sin2θ + cos2θcos2ϕ) cos ϕ cos θ, (D6)

VISHE,hz = A
h2

rf,z

4
cos ϕcos3θ. (D7)

APPENDIX E: OERSTED FIELD DISTRIBUTION
IN Ta/CoFeB/MgO/Al2O3 MULTILAYER STRIPS

To understand the Oersted field caused by an induced
current when a microwave voltage is applied to the sam-
ple, we calculated the magnetic field distribution using the
FEM with COMSOL multiphysics simulator. For simplicity, the

FIG. 10. (a) 20 nm Ta/2 nm CoFeB/2 nm MgO/10 nm Al2O3 multilayer structure with size 1 × 0.1 μm2 discretized into triangular mesh
elements of size ∼10 nm. (b) Electric field distribution in the multilayer structure when a power of 10 μW is applied on the top surface is color
coded as a function of thickness, while the corresponding magnetic field is shown as arrows. Normalized Oersted field distribution (arrows) is
shown for samples with l : w = (c) 1:1, (d) 1:5, and (e) 1:10. (f) The microwave field direction (arrows) and amplitude of hrf,y (color scale) in
case of a sample with same l : w as the experimental device, i.e., 1:12.
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FIG. 11. (a) Typical S11 spectra of the sample in this paper. Lines are fits to the experimental data using S11 = Z−50 �

Z+50 �
. (b) Schematic of the

equivalent circuit of the sample in this measurement. (c) Normalized efficiencies calculated for the electric field torque and the Oersted field
toque as a function of frequency of Pin.

Ta(5 nm)/Ru(10 nm)/Ta(5 nm) buffer layer has been taken in
the form of a single heavy metal layer of 20 nm Ta. As shown
in Fig. 10(a), the calculated sample size has been assumed
to be 0.1 × 1 μm2. The mesh grids were taken as triangular
elements with a dimension of ∼10 nm on a side. The input
microwave signal of f = 3 GHz is applied at a power of
10 μW on the upper Al2O3 surface, while the bottom Ta
surface is grounded. The applied power is 104 times smaller
than the actual input power because the calculated sample
size is 104 times smaller than the actual sample. Figure 10(b)
shows the color-coded electric field intensity as a function of
the thickness. Additionally, the magnetic field distribution is
observed to be along the longer axis of the sample, as shown
by arrows in the same diagram. We confirm this behavior by
checking the Oersted field distribution in the samples with
different length l and width w ratios, as shown in Figs. 10(c)–
10(e). Contributions from the z-axial Oersted field hz can
be completely neglected in our samples. Moreover, as l : w

increases, the component of Oersted field h along the longer
axis increases, i.e., hy � hx.

APPENDIX F: ESTIMATION OF CONTRIBUTIONS
OF ELECTRIC FIELD AND OERSTED FIELD TORQUES

FROM IMPEDANCE MEASUREMENT

The reflection coefficient S11 of the samples was measured
using a vector network analyzer. Typical S11 spectra in this
paper are shown in Fig. 11(a). To estimate the impedance
of the CoFeB/MgO junction, we assume an equivalent cir-
cuit which is the same as the model for the electric field
induced FMR study reported by Nozaki et al. [23], as shown
in Fig. 11(b). The S11 spectra are fitted using the expression
S11 = Z−50 �

Z+50 �
. Here, 50 � is the characteristic impedance of

the measurement setup, while Z is the net impedance obtained
from the sample with inductive component L, resistance R0,
and capacitance C of the junction, and r is the resistive loss
between the top and bottom electrodes. From the experimental
data, we can see that the Real [S11] → 1 when frequency
→ 0. This indicates a very high value of R0 because of the
2-nm-thick MgO and 10-nm-thick Al2O3 layers in the sample.
The S11 spectrum in Fig. 11(a) is fitted using R0 = 105 �,
r = 30 �, C = 3.5 pF, and L = 70 pH.

Using the S11 spectra, we can estimate the contributions of
the electric field torque and the Oersted field torque as a func-

tion of f for the sample. In the case of the electric field torque,
the voltage applied to the sample is expressed as V ∝ (1 +
S11)Vinput = ζV Vinput. In the case of the Oersted field torque,
the current is proportional to the square root of the power
inserted into the sample, as I ∝ √

P =
√

(1 − |S11|2)Pin =
ζI

√
Pin. The efficiency of the electric field torque decreases

with increasing f , whereas the efficiency of the Oersted field
torque increases with increasing f , as shown in Fig. 11(c).

APPENDIX G: ANGULAR DEPENDENCE OF INVERSE
SPIN HALL VOLTAGE IN HIGHER FREQUENCIES

We performed in-plane angle-dependent measurements of
the inverse spin Hall voltage VISHE with different microwave
frequencies. Figure 12(a) shows the VISHE for frequencies
2 and 4 GHz, at θ = 0 ◦ and 40 ° and Pin = 0.001 W.
The angular-dependent data for f = 4 GHz are presented in
Fig. 12(b). Upon fitting the data to Eq. (4) of the main text,
we obtained values a( ∂Hk

∂V Vrf )2 = 0.90 and ah2
rf,y = 0.65. Note

that, from the data in Fig. 5(a), we obtained a( ∂Hk
∂V Vrf )2 =

2.87 and ah2
rf,y = 0.88 for f = 2 GHz. It shows that, as fre-

quency increases, the VCMA contribution is reduced, while
the Oersted field contribution increases. This further proves
the presence of VCMA of Hk in our devices, as can be un-
derstood from Appendix F, which shows that their torques
have a decreasing and increasing frequency dependence,
respectively.
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FIG. 12. (a) Rectified voltages for 2 and 4 GHz at φ = 0 ◦ and
40 °. (b) Dependence of normalized VISHE on φ for 4 GHz. The
experimental data are fitted using Eq. (4).
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