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ABSTRACT

Finding new energy-efficient methods for exciting magnetization dynamics is one of the key challenges in magnonics. In this work, we pre-
sent an approach to excite the gyrotropic dynamics of magnetic vortices through the phenomenon of inverse magnetostriction, also known
as the Villari effect. We develop an analytical model based on the Thiele formalism that describes the gyrotropic motion of the vortex core
including the energy contributions due to inverse magnetostriction. Based on this model, we predict excitations of the vortex core resonances
by surface acoustic waves whose frequency is resonant with the frequency of the vortex core. We verify the model’s prediction using micro-
magnetic simulations and show the dependence of the vortex core’s oscillation radius on the surface acoustic wave amplitude and the static
bias field. Our study contributes to the advancement of energy-efficient magnetic excitations by relying on voltage-induced driven dynamics,
which is an alternative to conventional current-induced excitations.

VC 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/10.1063/5.0168968

Since their introduction, complementary metal-oxide-semicon-
ductor (CMOS) based technologies have established themselves as
indispensable tools on the pursuit of scientific advancement.1–8 High
packing density, versatile scalability, and outstanding efficiency have
enabled CMOS to shape modern computation. However, the continu-
ous tendency toward miniaturization of electronics, while also needing
to preserve or even increase efficiency, imposes limitations on CMOS
technology.9–11 Complementing CMOS, spin wave based circuits have
been nominated as promising candidates for data processing and non-
conventional computing applications at the micro- and nano-
scales.12–19 Magnonic circuits using only low-energy spin waves can be
very efficient in terms of power consumption. Nevertheless, energy-
efficient conversion from the magnonic to the electronic domain and
vice versa remains an important challenge for magnonics. Various
methods of spin-wave excitation have been proposed over the past
years, perhaps the most common are the use of microwave anten-
nas,20–24 spin-transfer torque (STT),25–28 and spin–orbit torques.29–31

However, the energy efficiency of these techniques is still insufficient

due to Ohmic losses, especially when scaling down to the nanoscale.
Recently, voltage driven spin-wave excitation mechanisms have
emerged.32–34 Utilizing electric fields, they are promising in terms of
energy consumption32 since they efficiently minimize Joule heating.35

One way to realize a voltage driven spin-wave excitation, which
does not rely on the flow of electric currents, is to couple spin waves to
GHz surface acoustic waves (SAWs). SAWs are widely used for delay-
ing and filtering of radio frequency signals. SAWs can be efficiently
excited and detected using interdigital transducers (IDT) on a piezo-
electric substrate via inverse piezoelectricity or piezoelectricity, respec-
tively.36–44 Applying a voltage at the electrodes of the IDT generates an
electric field, and given that the IDT is fabricated onto a piezoelectric
material, this electric excitation leads to the compression or expansion
of the surface of the material, thus converting the electrical signal into
mechanic displacement and strain. At the resonance frequency of the
IDT, a propagating SAW is launched on the surface of the substrate.

One particularly interesting example of excitation of magnetiza-
tion dynamics is found in magnetic vortices, whose dynamics have
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been widely investigated for various applications, such as nonvolatile
magnetic memories,45,46 incorporation into existing spintronic devices
such as spin-transfer torque oscillators,47–49 and spin wave generation
for electronics beyond the state of the art.50–52 On a more specific
note, special interest has always been invested in the excitation and
switching of the vortex core (VC),53–59 as it may be technologically
exploited as a magnetic bit whereby data can be encoded as the core’s
polarization. Similar to magnetic skyrmions,60,61 the polarization of
the VC is topologically stabilized. Its stability and exceptionally small
size makes it a candidate as an information carrier.

In this work, we use propagating SAWs to drive a magnetic VC’s
gyrotropic motion via inverse magnetostriction. Based on the Thiele
formalism, we phenomenologically model the gyrotropic dynamics of
the VC in terms of its position in the plane of motion. After that, we
utilize the GPU-accelerated micromagnetic simulation software
Mumax3 (Ref. 62), and the software platform Aithericon63 to verify
that the VC dynamics can be driven by longitudinal strain.

The investigated system (see Fig. 1) consists of a cobalt–iron–
boron (CoFeB) disk in which the magnetic ground state is a vortex
configuration. To ensure the stability of the magnetic vortex as the
energy ground state of the disk, it is crucial to select a disk aspect ratio
that ensures this stability. For this reason, the stability of the magnetic
vortex state in magnetic dots has been widely investigated.64,65 Here,
we choose a disk having a thickness T¼ 20nm and a radius
R¼ 250nm. The CoFeB disk is placed onto a piezoelectric material
that allows electric–phononic conversion. Next to the CoFeB disk is an
IDT to excite the SAW, which in turn propagates on the surface of the
piezoelectric substrate and couples to the magnetization of the vortex.
Here, we want to stress the fact that the SAW’s wavelength is actually
larger than the disk size; however, it was presented in this manner so
that the separation between the IDT’s fingers coincides with half the
SAW’s wavelength.

Within the Thiele formalism of the Landau–Lifshitz–Gilbert
equation, it is established that the VC’s oscillation about its equilib-
rium position at the lowest frequency can be described as a function of
the VC’s position~R.65–67 Employing the latter, we formulate the equa-
tion of motion describing the VC’s gyrotropic motion, accounting for
the different contributions to the effective field,

G½ _~R � ẑ � ¼ ~F � g _~R ; (1)

where G ¼ �2ppq is the gyroconstant depending on the vortex polar-
ity p and vorticity q. _~R is the rate of change of the position of the vor-
tex core in the x–y plane. g � pa log L

lex

� �
is the viscosity constant

dependent on the Gilbert damping a, the disk radius L, and the
exchange length lex ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2A=ðl0M2

s Þ
p

, where A is the exchange stiff-
ness, l0 is the vacuum permeability, andMs is the saturation magneti-
zation.~F ¼�@~RE is the total force acting on the vortex, with E being
the total free energy of the vortex. Here, we assume an adiabatic evolu-
tion of the vortex, such that every position ~R of the core is associated
with a single magnetization configuration, ~m, and an associated total
free energy, i.e., ~m � ~mð~RÞ and E � Eð~RÞ. The first term on the right
hand side of Eq. (1) is the precessional contribution and leads to the
orbiting of the VC along equipotential curves of the energy landscape.
The second term is the damping term and leads the VC to move
toward the minimum of the energy.

The applied strain generated by the SAW couples to the magneti-
zation of the vortex via the Villari effect. It corresponds to a magnetoe-
lastic energy term, which is introduced as an additional contribution
to the total free energy. Thus, to couple the VC to SAWs, we consider
a total free energy given by Eð~RÞ ¼ E0ð~RÞ þ ESAWð~RÞ, where the first
term is the total energy of the magnetic vortex due to exchange, in-
plane easy-axis anisotropy, Zeeman, and magnetostatic interactions,
and the second term corresponds to the magnetoelastic coupling given
by68

ESAW ¼ TB1exx

ð
m2

x d
2x: (2)

Here, T is the thickness of the disk, and the integral is over the
entire disk surface. We approximate the SAW strain profile and con-
sider that the only non-vanishing magnetoelastic tensor component is
the longitudinal strain component exx. Furthermore, B1 is the first
magnetoelastic coupling constant. The energy contributions were cal-
culated analytically by considering the rigid vortex ansatz.66,69

Transversal strain components, namely, eyy and ezz, were neglected
due to the assumption that the SAW was excited by means of a
straight-line IDT. Specifically, the IDT excites Rayleigh wave modes
where the primary displacements are predominantly in the vertical
and longitudinal directions, with minimal horizontal motion. This
ansatz correctly describes the vortex magnetization in an external
magnetic field, although it could lead to some discrepancies as the VC
approaches the disk edge. As an exemplary application of our model,
we considered a CoFeB disk with a radius of 250nm and a thickness
of 20 nm. As a metallic magnetic material, CoFeB has a high saturation
magnetization, which we set to Ms¼ 1150� 103 A/m. The exchange
stiffness is A¼ 15� 10�12 J/m. Being a magnetostrictive material, the
considered CoFeB disk also has a magnetoelastic coupling constant
B1¼�8� 106 J/m3. Due to spin–orbit coupling, the CoFeB disk
exhibits uniaxial anisotropy, chosen to be along the x-axis with a
strength given by K¼ 2900 J/m3. These utilized magnetic parameters
are conveyed from a previous experimental study of spin-waves driven
by SAWs in CoFeB.70 In the current study, the effect of the SAW is
considered by incorporating the magnetoelastic field generated by a
spatially uniform strain oscillating at the frequency of the excited
SAW. Due to the small disk size and the wave vector of the SAW being
sufficiently small for frequencies resonant with the VC motion, this
approximation is well justified.

Figures 2(a)–2(c) show the total free energy landscape as a func-
tion of the VC position. If no magnetic field is applied, the energy is
radially symmetric around the disk’s center. For reasons explained
below, we need to use asymmetric energy landscapes, which can be

FIG. 1. Schematic of the investigated system. The CoFeB disk, with a vortex mag-
netic configuration, has a thickness T¼ 20 nm and a diameter D¼ 500 nm. The
disk is placed at a certain distance from the IDT, which is used to excite SAWs.
These waves propagate on the surface of the piezoelectric substrate toward the
disk. The external magnetic field is applied in the film plane with an angle of H rela-
tive to the x-axis.
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achieved by applying in-plane fields. Then, the position corresponding
to the minimal energy depends on the direction and strength of the
applied magnetic field. To change the equilibrium position, we applied
a magnetic field of 20mT in the (a) x-direction, (b) at an 45� angle in
x–y, and (c) y-direction. Figure 2(d) represents the normalized magne-
toelastic energy landscape. We notice that the center of the disk is a
saddle-point of the magnetoelastic energy landscape; thus, at the cen-
ter of the disk, the total force due to the magnetoelastic coupling is
zero. For this reason, to drive the VC with SAWs, it is necessary to
move the VC stability position away from the disk center.

The results of the Thiele model are compared to micromagnetic
simulations using Mumax3 (Ref. 62) deployed onto Aithericon.63 The
simulations are performed for the disk geometry with vortex ground
state presented in Fig. 1. We incorporate the same material parame-
ters, whereby a Landau–Lifshitz damping constant given by a¼ 0.004
is considered. To understand the SAW driven VC gyration, it is useful
to visualize the interaction of the magnetic vortex with external stim-
uli. In Fig. 3, we demonstrate the importance of a symmetry breaking
external applied in-plane field Bext for the VC gyration by means of
SAWs. We present the distribution profiles of the magnetoelastic field,
which in this approximations, has only has a component along the
SAW propagation direction (~Bme ¼ � 2

M2
s
B1exx �Mx � êx), and its

ensuing interaction with the magnetization, namely, the magnetoelas-
tic torque ~Tme calculated as ~Tme¼~Bme � ~M . Mumax3 adds ~Bme as
an additional contribution to the effective field ~Beff and solves the
Landau–Lifshitz Gilbert equation. For exx¼ 1� 10�5 in the absence of
an applied in-plane field [see Figs. 3(a) and 3(b)], ~Bme and ~Tme are
symmetrically distributed across the vortex structure. The equal yet
opposite distribution of the magnetoelastic torque across the magnetic
landscape leads to the cancelation of the desired driven gyration of the
VC under the influence of the magnetoelastic torque. To break the
spatial symmetry, we apply an in-plane magnetic field of 20mT
strength at a 45� angle with respect to the x-axis [see Figs. 3(c) and
3(d)]. This implies a variance in the distribution of ~Bme and ~Tme

across opposing parts in the magnetic landscape. The rather intriguing
perpendicular displacement of the VC in response to the applied field
is a direct consequence of the system’s attempt to minimize the
Zeeman energy of the in-plane curling domain. When a field is applied
in the plane of the vortex, the in-plane domain tends to align to in the
direction of the bias field. This leads to the expansion of the domain,
instigating a displacement of the vortex core in a direction perpendicu-
lar to the field itself.

To adopt an efficient mechanism of the VC’s driven gyration, we
study the effect of varying H, the angle at which the magnetic field is
applied, on the average magnetoelastic torque Tme [see Fig. 4(a)]. The
external magnetic field’s magnitude is fixed at 20mT and that of the
strain at exx¼ 1� 10�5. To calculate the magnitude of Tme, we first
evaluate ~Tme¼~Bme � ~M for the three magnetization components
and then integrate over the entire vortex structure. We then calculate
the modulus encompassing the three components of the torque vector
and then average over the number of cells. As can be seen, the magne-
toelastic torque is minimal for magnetic field applied at 0�, 90�, 180�,
and 270� with respect to the x-axis.70,71 Therefore, to enhance the
magnetoelastic effect, we choose the applied magnetic field at an angle
of maximum torque, for instance at 45�, and we keep this angle for the
rest of our simulations. Furthermore, we study the change in torque in
regard to the magnitude of the applied field, while also fixing the strain
at exx¼ 1� 10�5 [see Fig. 4(b)]. Ranging between 0 and 50mT, the
torque steadily grows with increasing applied magnetic field, where
the VC approaches the edge at 50mT. Consequently, we adopt an
intermediate magnetic field value of 20mT for further simulations.

To investigate the SAW-driven dynamics of the VC, we first
extract the gyrotropic frequency of the displaced VC. We emphasize
that this frequency depends on the direction and amplitude of the
applied constant magnetic field. We generated a short displacement of

FIG. 2. Analytical Model: Energy landscape as a function of the VC position in the
absence of strain at an in-plane field of 20 mT applied (a) in the direction of the pos-
itive x axis, (b) at a 45� angle in the positive x–y directions, and (c) in the direction
of the positive y axis. (d) Landscape of the magnetoelastic energy as a function of
the VC position.

FIG. 3. Simulations: Magnetoelastic field distribution over the vortex at
exx¼ 1� 10�5 in the absence of an applied magnetic field (a), and for Bext
¼ 20 mT applied at a H¼ 45� angle with respect to the x-axis (c). The color code
represents the normalized magnetoelastic field in the x-direction, while the vectors
indicate their direction. Magnetoelastic torque profiles calculated as~Bme � ~M at exx
¼ 1� 10�5 in the absence of an applied magnetic field (b), and for Bext ¼ 20 mT
applied at a 45� angle with respect to the x-axis (d).
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the vortex by an in-plane magnetic field and performed the Fourier
analysis of the resulting motion. For the adopted case of an applied
static field of 20mT at a 45� angle with respect to the x-axis, the
obtained gyrotropic mode’s frequency is 521MHz. We apply a rf
strain signal corresponding to the tensorial longitudinal strain compo-
nent exx sinusoidally oscillating at the VC’s gyrotropic frequency
(521MHz). The excited SAW wavelength is considerably longer than
the disk diameter, which, based on this previous experimental study
that investigates Rayleigh waves’ excitation,72 is around 8.22lm. This
results in a strain which is spatially uniform over the vortex structure.
exx is applied at different amplitudes: 1� 10�5, 10� 10�5, 15� 10�5,
and 25� 10�5 as can be seen in Fig. 5(a). Figure 5(a) shows that the
VC underwent gyrotropic motion orbiting its equilibrium position
defined by the external field in response to the driving force. Both
micromagnetic and analytical results are shown, where the dotted
orbits correspond to data extracted from the simulations, and the lined
orbits to data from the model. We notice the inflation of the orbits as
the amplitude of exx is increased from 5� 10�5 to 25� 10�5. Given
that the gyrotropic motion of the VC is driven at a constant frequency,
namely, the frequency of the SAW, an increase in the radius of the
orbit does not necessarily affect the angular velocity. The latter is con-
stant throughout and is independent of the VC’s position. The system
compensates the growth of the orbit’s radius by an increase in the lin-
ear velocity of the gyrating VC. This compensation ensures that the
angular frequency only depends on the frequency of the oscillation,
which in this case is equal to 521MHz. For better elucidation, refer to
the supplementary material section. We present two videos showing
the gyrotropic motion of VC for exx¼ 10� 10�5 and exx¼ 25� 10�5.
Both videos are produced for the last 5 ns of the simulation.

It is noticeable that the model’s fitting to the micromagnetic sim-
ulations starts to falter at large strain amplitudes (see exx¼ 25� 10�5).
As a result, Fig. 5(b) serves as a demonstration of the induced growth
in the radius of the VC’s trajectory in response to the strain amplitude.
Herein, the term “radius” refers specifically to the radius of the vortex
motion and not to the radius of the VC itself. In other words, we are
referring to the radius of the trajectory of the VC under the influence
of SAWs. In the linear regime (regime 1), that is at low strain values
between 1� 10�5 and 20� 10�5, the analytical evaluations and the
simulation extracted data of the trajectory’s radius are in complete
agreement. As the strain amplitude is increased beyond 20� 10�5,

this fitting starts to diverge (regime 2) as inferred by the non-linear
growth of the simulated radius in comparison with the model. This is
expected since the analytical model does not take into account the
deformations of the vortex structure, which are non-local and highly
dependent on the boundary conditions. This leads to a shift in the sta-
bility position and to a different growth of the gyration radius in the
limits of large strain amplitudes. To further elaborate on the difference
of the simulations from the model, we present the fast Fourier trans-
formation of the temporal magnetization components Mx þ iMy for
Bext¼ 20mT applied at 45� [see Figs. 5(c) and 5(d)]. In the linear
regime at exx¼ 1� 10�5 [see Fig. 5(c)], the FFT spectrum conveys
that of a magnetic vortex with gyrotropic modal excitation. In contrast,
different modal excitations appear at higher strain amplitudes inferred
by the appearance of various peaks at higher harmonics of the gyro-
tropic mode’s frequency in Fig. 5(d). As non-linear effects become
more prominent, the growth of the radius of the VC’s trajectory can
no longer be precisely described within the proposed model.

In conclusion, via micromagnetic simulations and analytical
model calculations, we have demonstrated the feasibility of driving the
gyrotropic motion of a vortex core (VC) using surface acoustic waves
(SAWs). The proposed device uses the longitudinal strain tensorial
component exx of the SAW where the vortex gyration is caused by the
Villari effect. The presented model is based on the Thiele formalism of
the Landau–Lifshitz–Gilbert (LLG) equation, which allows for quanti-
tative evaluation of the system energies, while the simulations solve the
LLG equation for vortex magnetization dynamics incorporating the
strain contribution as the magnetoelastic field. The magnetic disk uses
standard CoFeB material parameters, and the required SAW

FIG. 4. Simulations: (a) The variation of the average magnetoelastic torque as a
function of the magnetic field’s angle H at fixed field and strain values of 20mT
and exx¼ 1� 10�5, respectively. (b) The variation of the average magnetoelastic
torque as a function the magnetic field’s magnitude for fixed H and strain values of
45� and exx¼ 1� 10�5, respectively.

FIG. 5. (a) Trajectories underwent by the VC for an applied longitudinal strain exx at
the gyrotropic mode’s frequency by simulations (dots) and the analytical model (black
lines). Presented exx amplitudes are 5� 10�5, 10� 10�5, 15� 10�5, and
25� 10�5. R is the radius of each trajectory of the driven VC; however, it is
highlighted only for the case of 25� 10�5 for clarification purposes. (b) The variation
of the trajectories’ radii as a function of the strain’s amplitude as per micromagnetic
simulations (dots), and the fitting (black line) from the model [see Eq. (1)]. FFT spec-
tra of the simulated temporal magnetization components Mx þ iMy for two cases at
which the strain rf signal has an amplitude (c) 1� 10�5 and (d) 50� 10�5.
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frequency and magnitude can be experimentally realized.73,74 The abil-
ity to control the dynamics of the VC using energy-efficient manipula-
tion methods, such as the one presented in this study, holds significant
importance in the field of engineering nanosized magnetic vortices for
permanent data storage applications. Additionally, optimizing energy
conservation is a crucial aspect of ongoing research in this area.
Overall, our findings contribute to the advancement of knowledge and
pave the way for future investigations and developments in the field of
magnetic vortex-based devices.

See the supplementary material for a demonstration of the vortex
core’s velocity dependence on the radius of the gyrotropic orbit.
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