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Reliable in situ control of spin wave (SW) excitation between localized and propagating SW modes is
of great interest for both fundamental and applied spintronics and magnonics. While spin-transfer-torquegenerated SWs can typically be tuned directly via the driving current, the frequency of the highest intensity
SWs, achieved in the strongly self-localized magnetic droplet soliton, is virtually current independent, as
the droplet frequency is given by the intrinsic material properties. Here, we demonstrate, using micromagnetic simulations, how the droplet frequency can be eﬃciently tuned by an applied voltage through the
eﬀect of electric ﬁeld (E-ﬁeld)-dependent perpendicular magnetic anisotropy (PMA). It is found that as
the PMA decreases, the droplet begins to distort and eventually collapses to give way to propagating SWs.
However, due to the geometrically conﬁned structures, the radially propagating SWs are reﬂected by the
periphery boundary of the sample, and then the forward and backward SWs superpose to produce a series
of standing SWs. The node number of the standing SWs strongly depends on the sample size as well as the
applied E ﬁeld. These ﬁndings provide a deeper understanding of magnetic excitation properties, which
will be helpful for designing advanced spintronic devices.
DOI: 10.1103/PhysRevApplied.14.054001

I. INTRODUCTION
Magnetization manipulations by electric methods,
including spin-transfer torque (STT) [1,2], spin-orbit
torque [3,4], and electric-ﬁeld (E-ﬁeld) eﬀects [5–7], have
attracted a great deal of interest due to the rich fundamental
physics for studying magnetic dynamics at nanoscale sizes
as well as promising applications in spintronic devices.
Magnetization precession driven by a spin polarized current can be used to design frequency-tunable spintronic
devices, namely spin-torque nano-oscillators (STNOs) [8],
or by a pure spin current, namely spin Hall nano-oscillators
(SHNOs) [9]. Under suﬃciently high currents, the magnetic damping in such nano-oscillator devices can be fully
compensated by current-induced spin torques, leading to
self-sustained magnetization oscillations. In order to conﬁne the current on the nanoscale to reach the required
current densities, the STNO is often accomplished by
fabricating a nanocontact (NC) on top of an extended
*
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magnetic/nonmagnetic multilayer [10,11]. Typically, the
STT-generated magnetodynamics is strongly nonlinear
with signiﬁcant current-controlled frequency tunability. If
such devices are magnetized in a way that the nonlinearity of the system is positive, then high-intensity coherent
propagating spin waves (SWs) can be excited [10–22] with
a precession frequency higher than the SW gap of the
extended ﬁlm [23]. On the other hand, when the nonlinearity of the system is negative, or a conﬁning potential is
introduced (e.g., via a nonuniform Oersted ﬁeld or demagnetizing ﬁeld), the high-intensity self-sustained magnetization dynamics can become self-localized [21,22,24]
and/or ﬁeld-localized [25], respectively, with a precession
frequency inside the SW gap.
A type of strongly self-localized oscillation mode—the
dissipative droplet soliton—has been theoretically predicted [26,27] and experimentally reported in a STNO
with a free layer having strong perpendicular magnetic
anisotropy (PMA) [28,29]. In such droplet-based STNOs,
the STT switches the magnetization beneath the NC,
resulting in a coherent magnetization dynamics with a
very large precession angle at the NC perimeter [28–34].

054001-1

© 2020 American Physical Society

CUIXIU ZHENG et al.

PHYS. REV. APPLIED 14, 054001 (2020)

Interestingly, the power output of such a droplet mode in
the giant magnetoresistance (GMR) sandwich structure is
almost 40 times greater than that of the ferromagnetic resonance (FMR) mode [28]. If the droplet is generated in
a magnetic tunnel junction, the microwave output power
should be signiﬁcantly enhanced, which is of great importance to reach suﬃcient levels for application requirement
of STNOs [35]. However, as shown in both theory [26]
and experiment [28], the droplet frequency is virtually
independent of current, which greatly limits its usefulness
for communication applications, where frequency modulation is required for eﬃcient transfer of information. On
the other hand, the SHNOs driven by pure spin currents
could also induce self-excitation of coherent magnetization
dynamics [9,36], in which the interaction of pure spin currents with magnetization through the spin-orbit torque is
used to amplify or suppress the magnetization oscillations
[37,38]. Such type of oscillators would have advantages
over conventional STNOs due to the rather simple fabrication process and relatively low driving current [39–41].
It is well known that the tunable magnetization dynamics (switching and precession) can be manipulated by
using E ﬁelds through the voltage-controlled magnetic
anisotropy (VCMA) eﬀect in the Co-Fe-B/MgO system
[42–44], which extends opportunities for manipulation of

(a)

magnetization dynamics in spintronic devices. This versatile technique can result in signiﬁcant reductions in power
consumption [45]. In this paper, the VCMA eﬀect is introduced into magnetic-droplet-based STNOs. We show that
the E ﬁeld can directly tune the microwave frequency of
the magnetic droplet oscillator. As the PMA decreases
with the applied E ﬁeld, the droplet begins to distort and
eventually collapses to give way to propagating SWs.
II. MODEL AND SIMULATIONS
Figure 1(a) shows a schematic of the E-ﬁeld-tunable
STNO structure. It consists of a magnetic tunnel junction
[46,47] or GMR pillar [28] with a NC on top of the ﬁxed
spin polarizing layer (reference layer, e.g., a Co/Pt multilayer; see Supplemental Material A for details). The free
layer has PMA and can be made of a [Co/Ni] multilayer
[28,48] or a Co40 Fe40 B20 layer [49]. Besides, an additional
oxide layer (e.g., MgO with thickness t > 1.0 nm) is introduced below the free layer as a dielectric capacitor. We
suppose that applying a voltage across this oxide layer
can induce accumulation of electric charges at the interface connected to the free layer, as illustrated in Fig. 1(a),
leading to an E ﬁeld acting on the free layer and changing
its PMA via the VCMA eﬀect [50]. Speciﬁcally, a negative
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FIG. 1. Electric ﬁeld control of STT-driven magnetization oscillations in a NC STNO. (a) Schematic of a NC STNO under the
co-action of electric ﬁeld and spin-polarized current. The perpendicular polarizing reference layer could consist of Co/Pt, and the free
layer is made of [Co/Ni]/Co-Fe-B ﬁlms. The oxide layer below the free layer serves as a dielectric capacitor and generates an electric
ﬁeld. The magnetic ﬁeld is applied along the +z direction. Positive current is applied from the polarizer layer to the free layer. (b)
Frequency characteristics of the excited modes as a function of electric ﬁeld (bottom x axis) and PMA (top x axis). The dashed yellow
line represents the calculated uniform FMR frequency using Eq. (5). The solid white lines show the analytical calculation results of the
same quantities using Eqs. (4) and (6), respectively. Three types of modes are identiﬁed by the topography of mz : (c) magnetic droplet
mode, (d) distorted droplet mode, and (e)–(g) spin wave modes with diﬀerent periodic numbers n (related to the wave number): n = 5,
6, and 7, respectively. For clarity, the topographies of mz in (c)–(g) are turned upside down.
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voltage decreases the eﬀective PMA (K eﬀ ) of the free layer
as [51]

μ0 H ext = 1.5 T. The frequency is calculated using the fast
Fourier transform technique on the time traces of the inplane component of magnetization averaged over the NC
area [57]. Basically, three parameter regimes with distinct
types of magnetization dynamics can be identiﬁed. First, a
magnetic droplet state [Fig. 1(c)] is sustained with a frequency well below the FMR frequency for low E ﬁelds.
As the E ﬁeld increases, the droplet frequency crosses the
FMR curve at E = 0.28E 0 = 2.49 V/nm (K eﬀ = 322 kJ/m3 ).
After that, a distorted droplet is observed [see Fig. 1(d)].
Finally, when the E ﬁeld is increased over a certain threshold E = 0.45E 0 (i.e., K eﬀ = 247 kJ/m3 ), the magnetization
dynamics is pushed completely above the FMR, which
drives the system into propagating SW excitation modes
[Figs. 1(e)–1(g)].
Figure 1(c) shows a typical topography of a magnetic
droplet, which is characterized by the z-component of the
magnetization (mz ). For clarity, these topographies of mz
are turned upside down. Note that the spins located outside
of the NC are along the +z direction due to the strong PMA
and the perpendicular magnetic ﬁeld. The spins underneath the NC are reversed to the −z direction by the STT
action. The self-oscillation occurs due to the energy balance between the energy supply into the free layer by the
STT and the energy dissipation of the damping. Movie 1
within the Supplemental Material shows the magnetization oscillation dynamics of the droplet mode, in which the
spins on the NC perimeter rotate coherently in-plane along
the counterclockwise direction [58].
As shown in Fig. 1(b), the simulated oscillation frequency of the magnetic droplet decreases with decreasing
anisotropy K eﬀ (i.e., increasing E ﬁeld). Theoretically, the
droplet frequency reads (see Supplemental Material B for
details) [26,59,60]:




ωp
2Keﬀ
ωMD = γ0 μ0 H +
− Ms
,
(4)
μ0 Ms
ωFMR

Keﬀ = K0 − ξ

E
d

(1)

where the electric ﬁeld E = V/t [42,52], V is the applied
voltage, and t is the thickness of dielectric oxide layer.
d (=1 nm) is the free layer thickness. K 0 is the perpendicular anisotropy at V = 0. ξ is the VCMA (magnetoelectric)
coeﬃcient used to parameterize the dependence of the
PMA on the applied electric ﬁeld. The typical values of
ξ are in the range of 30–50 fJ/V m [53]. In this study, we
choose ξ = 50 fJ/V m and K 0 = 447 kJ/m3 [30]. According to Eq. (1), the eﬀective anisotropy K eﬀ can be reduced
to zero if an electric ﬁeld of E 0 = 8.9 V/nm is applied.
We suppose both the STNO and NC have circular shapes
with corresponding radii of R = 256 nm and RNC = 30 nm,
respectively, unless speciﬁed.
The simulations are performed using the open-source
simulation software MUMAX3 [54], which is based on the
Landau-Lifshitz-Gilbert-Slonczewski equation:
dm
dm
= −γ m × Heﬀ + αm ×
+ aJ m × (m × mp ),
dt
dt
(2)
where m = M/Ms is the unit magnetization vector of the
free layer, Ms is the free layer saturation magnetization,
α is the Gilbert damping factor, and γ is the gyromagnetic ratio. Heﬀ is the eﬀective magnetic ﬁeld that includes
exchange, anisotropy, demagnetizing (Hd ), and external
magnetic ﬁelds (H ext ). For simplicity, the current-induced
Oersted ﬁeld [17,55,56] is ignored in this study. The
eﬀective magnetic ﬁeld reads
Heﬀ =

2Aex 2
2Keﬀ
∇ m+
mz ẑ + Hd + Hext ẑ,
μ0 Ms
μ0 Ms

(3)

where Aex is the exchange stiﬀness and μ0 is the vacuum permeability. The last term of Eq. (2) describes
the STT eﬀect. The torque factor aJ = γ PJ /(2|e|Ms d),
which depends on the current density J, the thickness
of the free layer d, and the spin polarization P. In this
study, the typical material parameters are taken for the
free layer as follows [30]: the saturation magnetization
Ms = 716 kA/m, exchange stiﬀness Aex = 30 pJ/m, Gilbert
damping α = 0.05, and P = 0.5. A discretization cell of
2 × 2 × 1 nm3 is used.
III. RESULTS AND DISCUSSION

where the gyromagnetic ratio γ 0 = 28 GHz/T, ωp is the
precession frequency of the magnetization in the absence
of an external magnetic ﬁeld, and ωFMR is the uniform
FMR frequency of the system:



2Keﬀ
− Ms .
(5)
ωFMR = γ0 μ0 H +
μ0 Ms
Note that the simulated frequency of the droplet mode
(blue curve) in Fig. 1(b) agrees well with the theoretical
prediction (white curve) using Eq. (4). Moreover, the typical feature that the droplet frequency is lower than the
uniform FMR frequency also supports previous theoretical
[26] and experimental studies [28].

A. Droplet mode and its frequency
Figure 1(b) shows the frequency response of the
NC STNO as a function of E ﬁeld. Here the applied
current is I = 4.0 mA and perpendicular magnetic ﬁeld

B. Distorted droplet mode
The magnetic droplet state remains until the E ﬁeld is
greater than 0.28E 0 (K eﬀ = 322 kJ/m3 ), where the PMA
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energy starts to be lower than the demagnetization energy
(not shown), and the balance between the eﬀective ﬁeld
and the STT is also destroyed. Moreover, calculations of
the disk’s eigenmodes show that the density of SW states
is very high in the vicinity of the FMR [see Fig. S2(c)
within the Supplemental Material]. This result implies that
the droplet at these parameters scatters with the SWs propagating along a certain direction. Consequently, the magnetization topography of the droplet is distorted to be an
asymmetric excitation mode, namely a distorted magnetic
droplet oscillation mode [Fig. 1(d)].
C. Propagating spin wave mode
When the electric ﬁeld is further increased to
E > 0.45E 0 (K eﬀ < 247 kJ/m3 ), a series of radial propagating spin waves, i.e., the so-called Slonczewski mode, are
generated [15,26,47]. For a geometrically conﬁned structure, these radial propagating SWs will be reﬂected by the
periphery boundary of the sample. In this case, depending
on the strength of the E ﬁeld, the forward and backward
SWs will superpose to produce a series of standing SWs,
as shown in Figs. 1(e)–1(g), in which the magnetization
topographies of these modes are given. A typical movie
(movie-2.mp4) of the standing SW mode is shown in the
Supplemental Material [58].
Theoretically, the dispersion relation for the SW modes
satisﬁes the following formula (see Supplemental Material
C for details) [26,61]:
ωSW = ωFMR +

(a)

(b)

2γ0 Aex 2
k ,
Ms

(6)

where Aex is the exchange constant of the material and
k = 2π /λ is the wave number of the excited SWs (λ is
the wavelength), by which the existence of the periodic
node or antinode number (integer n) of SWs in the conﬁned
structure can be determined:
n = (R − RNC )k/2π .

(7)

By taking ωSW = 47.5 GHz, R = 256 nm, RNC = 30 nm,
and K = (0–0.55)K 0 in Eqs. (5)–(7), one can analytically
obtain the node number n that is allowed to exist in the
conﬁned sample: n = 5, 6, and 7 for diﬀerent K eﬀ . These
theoretically predicted values perfectly agree with our
simulations as shown in Figs. 1(b) and 1(e)–1(g).
More intuitively, in Fig. 2(e) we have plotted the overlaid snapshots from the time evolution of the standing SW
proﬁles for n = 6 (at R = 250 nm), in which six antinodes
are clearly observed. Consistent with the analytical theory,
the observed standing SW modes with n = 5, 6, and 7 in
Fig. 1(b) show three clear branches of frequency curves as
the anisotropy is tuned by the E ﬁeld. For each SW mode
with a given n, the frequency decreases with the E ﬁeld,
which can be well described by the theoretical expression
in Eq. (6) and the reduction of K eﬀ by the E ﬁeld. The
frequencies of these standing SWs vary between 40 and
50 GHz and are higher than the uniform FMR frequency.
Depending on the sample size of conﬁned structures, the
allowed periodic number of standing SW modes continuously increases for large samples. Figures 2(d) and 2(e)
show the allowed standing SW modes as R varies from 250
(d)

(e)
n=5

R = 250 nm

n=6

R = 350 nm

n=9

R = 450 nm

n = 13

R = 550 nm

n = 16

R = 250 nm
n=7
R = 350 nm
n=9

(c)

R = 450 nm
n = 12
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FIG. 2. Spin wave modes. (a) Stable precession trajectories of magnetization at E = 0.45E 0 (i.e., K eﬀ = 247 kJ/m3 ) and 0.46E 0
(K eﬀ = 242 kJ/m3 ). (b) Dependence of the droplet magnetization proﬁle diameter (D0 ) and the minimum value of the z component
of magnetization at the center of NC (mz −min ) as a function of applied E ﬁeld. (c) Total energy density of the three modes excited at
I = 4.0 mA and μ0 H ext = 1.5 T. The scale of the color bar is normalized to the highest density reaching a value of 3 × 106 J/m3 . The
white solid circles denote the NC region. (d) The numerically simulated frequency characteristics of the excited modes for diﬀerent
sizes of nanopillars, where the NC is ﬁxed at RNC = 30 nm. (e) Overlaid snapshots for the time evolution of the standing spin wave
proﬁles for samples with diﬀerent sizes and diﬀerent periodic numbers n.
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FIG. 3. Excited mode frequency dependence on applied E ﬁeld for devices with R = 256 nm and RNC = 30 nm. (a) A smaller
magnetic ﬁeld compared with Fig. 1(b) (I = 4 mA and Bext = 0.5 T). (b) A larger applied current compared with Fig. 1(b) (I = 8 mA
and Bext = 1.5 T). (c) The frequency (ω/ωZeeman ) and (d) the z-component of the magnetization within the NC region as a function of
magnetic ﬁeld and E ﬁeld, respectively, where I = 4 mA and ωZeeman = γ H ext . A smaller magnetic ﬁeld reduces the frequency of the
SW mode and the magnetization underneath the NC tends to the −z direction.

to 550 nm and some typical overlaid proﬁles of these standing SW modes, in which the antinode numbers are clearly
identiﬁed for each size of sample. As the sample size
increases (e.g., R > 550 nm), the frequency jump between
diﬀerent standing SW modes will be less abrupt, which
implies that the standing SW mode will transform into the
continuously propagating SW mode for large or unconﬁned samples (see D and Fig. S4 within the Supplemental
Material).
To further gain insight into the diﬀerent excitation
modes, we calculate the spatial distributions of the magnetic energy density E in Fig. 2(c). Note that the energy
density of the droplet mode is almost localized into the
area underneath the NC. In contrast, the distorted droplet
has a slightly asymmetric energy distribution, similar to
its asymmetric magnetization conﬁguration. For the SW
modes, the energy distribution is spread over the whole
disk via the propagating SWs.
It is worth noting that the E ﬁeld not only allows
one to change the mode character (e.g., wave number)
and frequency, but also to tune the size of the reversed

magnetization region. This is attributed to the change of
the eﬀective ﬁeld due to the reduction of the PMA by
the E ﬁeld. Figure 2(b) shows the eﬀective diameter D0
and depth mz−min of the reversed region, where D0 is
deﬁned as the full width at half maximum and mz−min is
the lowest value of the central droplet proﬁle. In the case
of the droplet mode, the spin at the NC center is almost
fully reversed to the −z direction, showing D0 = 40 nm
and mz−min = −0.97 at E = 0. When the E ﬁeld increases
(0 < E ≤ 0.45E 0 ), mz−min almost remains unchanged but
D0 decreases. This decreased droplet size gives rise to the
decrease of the droplet frequency. Figure 2(a) shows two
ﬁnal stable precession orbits of the magnetization underneath the NC in the critical zone of transition from droplet
mode to SW mode at E = 0.45E 0 for the distorted droplet
mode (green curve) and E = 0.46E 0 for the SW mode
(magenta curve). Note that both D0 and mz−min increase
with the E ﬁeld for the given SW mode.
It should be mentioned that the transition of the localized droplet mode into propagating SW modes can also be
tuned by changing the direction of oblique magnetic ﬁelds
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FIG. 4. Phase diagram of diﬀerent oscillation eigenmodes as a function of the magnetic ﬁeld and E ﬁeld for a STNO with R = 128 nm
and RNC = 30 nm. (a) The spatial variation of the Fourier amplitude of the oscillation modes. (b) The Fourier phase variation for each
state. The axially symmetric radial-like modes include both the droplet mode and SW modes at high Bext . The combined radially
and azimuthally symmetric modes appear at intermediate Bext of 0.6–1.0 T. The excited modes become very chaotic at low Bext of
0.2–0.5 T with increasing E ﬁeld. (c),(d) Enlarged images of the Fourier amplitude (upper panel) and phase (lower panel) for several
typical oscillation modes marked by pink squares.

[62]. In that case, it is found that the droplets nucleate in
nearly perpendicular ﬁelds and that the propagating SWs
tend to be the dominant mode when the external magnetic
ﬁeld has strong enough in-plane components.

D. Magnetic field dependence
In addition to the E ﬁeld, the perpendicular magnetic
ﬁeld can also slightly change the dynamics of the STNO.
Figures 3(a) and 3(b) show the frequency characteristics in the cases of a small magnetic ﬁeld (I = 4 mA
and Bext = 0.5 T) and a large current (I = 8 mA and
Bext = 1.5 T), respectively, compared with the case shown
in Fig. 1(b) with I = 4 mA and Bext = 1.5 T. In Fig. 3(a),
the applied magnetic ﬁeld is not strong enough to dominate over the STT eﬀect, which leads to a reduction of
the droplet frequency. The propagating SW modes are
also strongly suppressed. Their frequencies in Fig. 3(a)
are lower than those obtained at a high magnetic ﬁeld
of Bext = 1.5 T [Fig. 1(b)]. We attribute this result to the

fact that all the frequencies of the excited modes (both the
droplet and the SWs), as described in Eqs. (4)–(6), strongly
depend on the applied perpendicular magnetic ﬁeld Bext .
More systematic results for the ﬁeld-dependent frequency
diagram are summarized in Fig. 3(c), in which the magnetic ﬁeld is varied from 0.5 to 1.5 T and the parameter
regions for the typical three propagating SW modes of
n = 5, 6, and 7 appear at high magnetic ﬁelds [the upperright regions in Fig. 3(c) and 3(d)]. In this plot, the color
contrast indicates the relative frequency ω/ωZeeman , where
ωZeeman is the Zeeman frequency excited by the external
ﬁeld only [26].
To further clarify the inﬂuence of the magnetic ﬁeld, we
have extracted phase-sensitive Fourier transform images
for various excitation modes, characterized by the Fourier
amplitude and phase given in Figs. 4(a) and 4(b), respectively. In these simulations, the sample size is R = 128 nm.
The magnetic ﬁeld is varied from 0.2 to 2.0 T. For this sample, the droplet mode is stable in the parameter region of
low magnetic ﬁelds and low E ﬁelds. When the magnetic
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ﬁeld increases, the droplet is distorted for Bext > 1.4 T
and E/E 0 < 0.4 [see upper-left region in Fig. 4(b)]. In this
region, the observed in-plane droplet precession at the
NC has lost the coherent phase, but the intrinsic physical
mechanism for this phenomenon is still unclear. Axially
symmetric standing SW modes with periodic numbers of
n = 5, 6, and 7 are clearly seen in the phase [upper-right
region in Fig. 4(b)]. When the magnetic ﬁeld decreases,
the radially symmetric SW modes lose their stability and
gradually become the combined radially and azimuthally
symmetric phase modes [see Fig. 4(d)]. At very low
ﬁeld Bext = 0.2–0.5 T, the radially symmetric standing SW
modes are further destroyed, leading to anomalous chaotic
oscillation states in both amplitude and phase.
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