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We present a study of the piezostrain-tunable gyrotropic dynamics in Co40Fe40B20 vortex microstruc-
tures fabricated on a 0.7Pb[Mg1/3Nb2/3]O3-0.3PbTiO3 single-crystal substrate. Using field-modulated-
spin-rectification measurements, we demonstrate large frequency tunability (up to 45%) in individual
microdisks accessed locally with low surface voltages, and magnetoresistive readout. With increased
voltage applied to the substrate, we observe a gradual decrease of the vortex-core gyrotropic frequency
associated with the contribution of the strain-induced magnetoelastic energy. The frequency tunability
strongly depends on the disk size, with increased frequency downshift for disks with larger diameter.
Micromagnetic simulations suggest that the observed size effects originate from the joint action of the
strain-induced magnetoelastic and demagnetizing energies in large magnetic disks. These results enable a
selective energy-efficient tuning of the vortex gyrotropic frequency in individual vortex-based oscillators
with all-electrical operation.
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I. INTRODUCTION

Stable topological objects can be spontaneously formed
in confined microstructures and nanostructures with high
symmetry (e.g., squares, disks, and ellipses) as a result
of competition between exchange and magnetostatic
energies [1,2]. These topologically protected magnetic
states—magnetic vortices—are characterized by a curl-
ing in-plane magnetization and an out-of-plane singularity
in the center of the structure, known as the vortex core
(VC) [3]. Resonant excitation of the magnetic vortex by
an Oersted field and/or a spin-polarized electrical current
results in a dynamical gyrotropic motion of the VC at a
specific frequency [4], usually in the subgigahertz range.
Resonant VC gyration is successfully used in vortex-based
spin-torque oscillators, thanks to the reduced dynamical
noise of the VC gyrotropic mode [5–8]. As compared
with uniformly magnetized spin-torque oscillators, whose
frequencies can be tuned over a wide range due to the
nonisochronous property of the auto-oscillation regime,
vortex-based oscillators have limited frequency tunability,
since the VC gyrotropic frequency is specific to the sam-
ple geometry and material parameters. Indeed, the gyration
frequency, in the first approximation, is determined by the
magnetic properties and the dimensions of the oscillating
layer [4]. To overcome this limitation, different approaches
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have been attempted, including tuning by a bias dc cur-
rent and/or out-of-plane magnetic field [9], a bias in-plane
field and/or rf-current amplitude [10], gyration-frequency
modification in magnetostatically coupled vortices [11],
or focused-ion-beam-assisted modification of the intrinsic
magnetic material parameters [12].

An alternative way uses manipulation of the magnetic
vortex configuration by means of static electric fields
in composite piezoelectric/ferromagnetic heterostructures
via strain-mediated magnetoelectric coupling. This cou-
pling is based on the joint action of two effects: piezo-
electric and magnetoelastic (inverse magnetostrictive).
Strain-mediated methods of magnetization control recently
attracted increased attention due to reduced energy con-
sumption and the possibility of indirect control, avoid-
ing large currents through the magnetic element and/or
local-magnetic-field application [13–19]. Regarding mag-
netic vortices, recent studies demonstrated the possi-
bility to control the vortex configuration [20–23] or
even to switch the direction of the vortex circulation
or polarization [24,25] in magnetostrictive microdisks
grown on piezoelectric substrates on application of an
electric field. Theoretical studies show that the vortex
gyrotropic mode can also be modified by the intro-
duction of an in-plane magnetoelastic anisotropy, result-
ing in a decrease of the gyration frequency due to the
softening of the restoring-force spring constants [26].
Experimentally, the magnetoelastic-anisotropy-induced
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modification of the vortex gyration frequency was reported
in Ref. [27], with use of time-resolved scanning trans-
mission x-ray microscopy of the rf-Oersted-field-driven
vortex dynamics in Co40Fe40B20 microsquares on mechan-
ically stretched Si3N4 membranes. More recently, piezo-
electric control over the rf-field-driven vortex gyration
trajectories was demonstrated by time-resolved photoemis-
sion electron microscopy combined with x-ray-magnetic-
circular-dichroism experiments on submicron-sized Ni
vortices under strain generated electrically in a piezoelec-
tric 0.7Pb[Mg1/3Nb2/3]O3-0.3PbTiO3 (PMN-PT) substrate
[28].

One of the major obstacles to using such approaches
for spintronic device prototypes is the nonlocal nature of
the electrical excitation of the piezosubstrate. Usually, the
application of large voltages across the substrate thickness
is required, generating bulk strains in an entire piezosub-
strate, thus hindering the selective access to and control
over individual devices fabricated on a single chip. In
addition, a simple electrical detection of the vortex static
and/or dynamic behavior, in contrast to cumbersome x-ray-
based imaging methods, would facilitate a path towards
implementation of strain-tunable spintronic oscillators.

Here we present a study of the piezostrain-tunable
vortex-core gyrotropic dynamics in Co40Fe40B20 circu-
lar microstructures grown on piezoelectric PMN-PT sub-
strates. Using spin-rectification measurements, we demon-
strate large gyrotropic frequency tunability (up to 45%) in
individual disks accessed locally with low surface volt-
ages (16 V or lower), and all-electrical operation. With
increased voltage applied to the PMN-PT substrate, we
observe a gradual decrease of the VC gyrotropic frequency
associated with the contribution of the strain-induced mag-
netoelastic energy due to the inverse magnetostrictive
(magnetoelastic) effect. Moreover, the frequency tunability
strongly depends on the magnetic disk size, with increased
frequency downshift for disks with larger diameter. By
analyzing the simulated strain-dependent energies for dif-
ferent disk sizes, we attribute the observed size effects to
the joint action of the strain-induced magnetoelastic and
demagnetizing energies in large magnetic disks.

II. SAMPLE PREPARATION, EXPERIMENTAL
SETUP, AND MICROMAGNETIC SIMULATIONS

We use (011)-cut PMN-PT single crystals as func-
tional piezoelectric substrates capable of generating high
strains upon application of an electric field [29,30]. Sur-
face electrodes, magnetic microdisks, and the contact pads
are fabricated on the PMN-PT substrates in a three-step
lithography process. One has to note that for the given
PMN-PT compound near the morphotropic phase bound-
ary, the crystallographic rhombohedral-tetragonal phase

transition occurs at approximately 90 ◦C and the ferro-
electric Curie temperature is approximately 140 ◦C [31–
33]. Therefore, conventional lithography processes, which
include high-temperature prebaking and/or postbaking of
the photoresists and electon-beam resists spun on the
substrates, may induce irreversible crystallographic phase
transitions in PMN-PT. This can potentially degrade its
piezoelectric properties due to residual stresses in the crys-
tal or even lead to the formation of cracks on the surface
of the crystal, thus making it unsuitable for the micro-
fabrication of thin-film devices. To avoid overheating of
the PMN-PT substrate, we developed a specific low-heat
three-step fabrication process. First, the surface electrodes
to generate a local strain in the PMN-PT substrate are fabri-
cated by UV lithography, electron-beam metallization with
Cr(5 nm)/Au(125 nm), and conventional lift-off. As the
next step, the magnetostrictive microdisks are patterned
by means of electron-beam lithography, followed by mag-
netron sputtering of a Cr(5 nm)/Co40Fe40B20(30 nm)/Cr(2
nm) film and a lift-off. The bottom and top Cr layers are
used as seed and cap layers, respectively. The disk diam-
eters are chosen to fulfill the geometric criterion of vortex
formation in ferromagnetic disks [34]. As the final step,
the contact pads are fabricated by electron-beam lithogra-
phy, electron-beam evaporation of Cr(5 nm)/Au(50 nm),
and lift-off to provide individual electrical access to each
microdisk.

To detect the VC dynamics, we use a standard mag-
netotransport setup with rf capability [see Fig. 1(a)] for
electrical detection of magnetization dynamics in single
magnetic vortices at room temperature. The detection tech-
nique exploits the anisotropic magnetoresistance (MR)
effect, i.e., the resistance change induced by the relative
angle between the direction of the electric current and the
direction of the net magnetization of a magnetic struc-
ture. An rf current injected through a bias tee into the
microdisk device excites the VC gyrotropic dynamical
mode, via the joint action of the spin-transfer torque and
the rf Oersted field, and thereby leads to a dynamical mag-
netoresistance oscillating at the excitation frequency. The
time-averaged product of the rf current and the dynam-
ical magnetoresistance—which results in a rectified dc
voltage Vdc—is measured by a conventional homodyne
detection scheme with the use of a lock-in amplifier. When
the excitation frequency matches the eigenfrequency of
the gyrotropic mode, the resulting Vdc is increased due to
the dynamical magnetoresistance increase associated with
the resonant expansion of the VC gyration trajectory. To
increase the signal-to-noise ratio, magnetic field modu-
lation of the dynamical magnetoresistance at the lock-in
reference frequency (here 1033 Hz) is used, similarly to
what was reported in Refs. [10,35]. To allow electrical
excitation of the piezoelectric PMN-PT substrate, a dc
voltage VP = Vhigh − Vlow is applied between the surface
electrodes, as depicted in Fig. 1(a). For all devices, the

024080-2



PIEZOSTRAIN AS A LOCAL HANDLE TO CONTROL. . . PHYS. REV. APPLIED 20, 024080 (2023)

distance between the surface electrodes is 10 µm, yielding
an electric field of 0.1 MV/m per unit voltage VP.

For the micromagnetic simulations, we use the graphics-
processing-unit-accelerated software package MuMax3
[36] to simulate the magnetization dynamics in the
Co40Fe40B20 vortices under strain. Similarly to what was
reported in Refs. [37,38], the VC dynamics is excited
by an in-plane-rf-magnetic-field pulse brfsinc(2π fcutt) with
amplitude brf = 2.5 mT and cutoff frequency fcut = 2 GHz.
For each simulation, the time evolution of the magneti-
zation is recorded for 200 ns with a time step of 50 ps,
and the microwave-absorption power spectra are calcu-
lated by performing the Fourier transform of the time-
dependent magnetization dynamics. We use the follow-
ing Co40Fe40B20 material parameters: saturation magne-
tization Ms = 1100 kA/m (measured by vibrating-sample
magnetometry), exchange constant Aex = 20 pJ/m3, and
damping parameter α = 0.008. For each disk diameter, we
use cells of size 5 × 5 × 30 nm3 for the magnetization-
dynamics simulations, and a finer discretization into 5 ×
5 × 5 nm3 cells for the computation of the equilibrium
energies.

III. RESULTS AND DISCUSSION

A. Strain-dependent magnetoresistance

Figure 1(b) shows the typical anisotropic magnetoresis-
tance of a Co40Fe40B20 disk with a diameter of 3.65 µm

measured for direct current Idc = 2 mA and at zero voltage
VP applied to PMN-PT. The top graph in Fig. 1(b) shows
the MR curve for the magnetic field H⊥ applied perpen-
dicular to the Idc direction. The bottom graph in Fig. 1(b)
shows the MR curve for H‖, i.e., for H ‖ Idc. The magnetic
field is swept from negative to positive saturation. For H ⊥
Idc, when the field is increased from the negative-saturation
values (Hsat ≈ 40 mT) towards zero, we observe a resis-
tance growth of approximately 25 m� (corresponding to
an MR ratio η⊥ = |�R|/R(Hsat) ≈ 0.015%, which is a typ-
ical value for Fe-based alloys). This resistance increase
indicates a nucleation of a vortex within the Co40Fe40B20
disk. Further increase of the magnetic field leads to a VC
shift towards the edge of the disk and, eventually, to VC
expulsion when the annihilation field Ha is reached. Sim-
ilarly, for H ‖ Idc, the resistance drop of approximately
15 m� (η‖ ≈ 0.015%) is measured in the vicinity of H‖ =
0, in agreement with the angular dependence of the MR.

However, here are two notable observations: first, a
large asymmetry of the MR magnitudes for H ‖ Idc and
H ⊥ Idc, where η⊥ is almost twice as high as η‖; sec-
ond, a large difference in the vortex nucleation and anni-
hilation fields is present, depending on the magnetic
field orientation. From the magnetoresisance data, we
estimate annihilation-field values μ0Ha⊥ = 12 mT and
μ0Ha‖ = 8 mT. This indicates an asymmetric magnetic
configuration of the nucleated vortex; otherwise, in the
case of a radially symmetric vortex, a rather similar
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FIG. 1. (a) Schematics of the experiment enabling detection of the magnetization dynamics through rectified-dc-voltage measure-
ments via a lock-in technique, with the simultaneous application of an electric field to the PMN-PT substrate. (b) Magnetoresistance of
the Co40Fe40B20 disk (diameter d = 3.65 µm) measured at Idc = 2 mA and VP = 0 V for the magnetic field H applied perpendicular
(top graph) and parallel (bottom graph) to the direction of the direct current. The magnetic-field-sweeping direction is indicated by
the red arrow. The insets show device images with the corresponding Idc and H directions marked with arrows. (c) Magnetoresistance
of the same device as shown in (b) measured at Idc = 2 mA and VP = 15 V for H ⊥ Idc (top graph) and H ‖ Idc (bottom graph).
Presumable configurations of the magnetic vortex deduced from the magnetoresistance measurements are schematically depicted in
the corresponding insets in (b),(c), with red and blue arrows showing the local direction of the magnetic moments within the disk.
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magnetoresistive response would be expected for all
in-plane directions of the applied field. The distortion
of the vortex configuration is attributed to the presence
of the uniaxial magnetic anisotropy, which is typical for
sputtered Co40Fe40B20 films [39]. In our measurements,
η‖ < η⊥ and Ha‖ < Ha⊥ , which indicates the presence of
a nonzero net magnetic anisotropy 〈Ku〉 along the paral-
lel magnetic field direction, i.e., along the x direction. The
corresponding vortex configuration is sketched in the inset
in Fig. 1(b). We estimate the anisotropy constant Kux from
the difference between the annihilation fields Ha‖ and Ha⊥
as 〈Kux 〉 = (

Ha‖ − Ha⊥
)
/4Ms. Using the measured values

of Ha‖ and Ha⊥ and Ms = 1110 kA/m (from the magne-
tometry measurements), we obtain Kux ≈ 1.1 kJ/m3.

Figure 1(c) shows the magnetoresistance curves of the
same disk measured for Idc = 2 mA under VP = 15 V
applied to PMN-PT. We note a drastic qualitative differ-
ence between the MR curves measured with VP = 15 V
and VP = 0 V. Comparing the MR curves measured for
H ⊥ Idc at VP = 0 V and VP = 15 V [see the top graphs in
Figs. 1(b) and 1(c)], we observe two main effects—namely,
a reduction of the η⊥ ratio from 0.015% to 0.01% and a
decrease of Ha⊥ from 12 to 7 mT. On the other hand, for
H ‖ Idc, an opposite effect is observed, i.e., increase of both
η‖ (from 0.008% to 0.015%) and Ha‖ (from 8 to 15 mT).

These voltage-induced effects are explained by the pres-
ence of a magnetoelastic anisotropy energy Wε due to
the electric-field-induced strain, generated via a converse
piezoelectric effect in PMN-PT and transferred to the
Co40Fe40B20 microdisk. The magnetoelastic energy den-
sity is defined as Kε = (3/2)λsY〈εxx〉, where λs = 50 ppm
is the saturation magnetostriction of Co40Fe40B20, Y =
160 GPa is the Young’s modulus of Co40Fe40B20, and
〈εxx〉 is the net strain along the x direction, expressed in
the dimensionless units of microstrain με = µm/m. We
introduce 〈εxx〉 as the effective uniaxial strain generated
locally in the small area between the surface electrodes
[see Fig. 1(a)]. On the basis of the magnetoresistance mea-
surements and taking into account the positive sign of
the Co40Fe40B20 magnetostriction constant [40–42], we
determine that 〈εxx〉 < 0 με, i.e., the generated strain is
compressive along the x direction. Indeed, the observed
increase of η‖ and Ha‖ [see the bottom graph in Fig. 1(c)]
suggests that, under increasing strain, the net anisotropy
〈Kux 〉 decreases, in agreement with 〈εxx〉 < 0 με. Under
compressive uniaxial strain, the magnetic vortex configu-
ration is distorted, which is manifested as contraction in the
direction of the strain and elongation in the direction per-
pendicular to the strain. Therefore, the compressive strain
along the x direction lowers the effective anisotropy in this
direction and simultaneously increases the net anisotropy
in the perpendicular in-plane direction, i.e., along the O-y
direction. This is consistent with the measured reduction
of η⊥ and Ha⊥ at VP = 15 V, and for the magnetic field

perpendicular to the current. The vortex configuration
corresponding to the strained state is schematically shown
in the inset in Fig. 1(c). One has to note that, in our
experiment, the electric field is applied along the [100]
crystallographic axis of the PMN-PT crystal and, therefore,
compressive strain is expected for a given crystallographic
orientation of the PMN-PT crystal [30].

B. Strain-controlled gyration dynamics

Figure 2(a) shows the rectified Vdc spectra versus rf-
current frequency for a Co40Fe40B20 disk with 3.65-µm
diameter measured at zero magnetic field and for dif-
ferent values of the voltage VP applied to the PMN-PT
substrate. For all VP values, the measured resonances
have a typical antisymmetric Lorentzian shape, associ-
ated with the dominant contribution of the rf Oersted
field to the VC gyration dynamics [10,43]. For VP =
0 V, f0 = 100 MHz, in good agreement with the value
(112 MHz) analytically predicted by Guslienko’s “two-
vortices” model [4]. We observe a gradual decrease of the
gyrotropic frequency with increasing VP (i.e., with increas-
ing piezostrain), which is attributed to the magnetoelastic-
anisotropy-induced softening of the restoring-force spring
constants [26]. For the voltage range used in our exper-
iment (VP � 15 V), the maximum frequency downshift is
27 MHz (corresponding to 27%) at 15 V, as compared with
the initial value at 0 V. Dynamic measurements performed
for negative VP values show a similar frequency shift (see
Fig. 5 in the Appendix), since in the quasilinear piezoelec-
tric strain-voltage regime, the generated strain is expected
to be equal for both voltage polarities.
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FIG. 2. (a) Frequency-swept zero-field rectification spectra of
the 30-nm-thick Co40Fe40B20 disk (diameter 3.65 µm) measured
at 6 dBm of injected rf power for different voltages VP applied to
PMN-PT. (b) Red squares represent the VC gyrotropic frequency
f0 versus VP extracted from (a). Blue circles represent simu-
lated values of the gyrotropic frequency versus uniaxial strain
εxx. For the micromagnetic simulations, the uniaxial anisotropy
Ku = 1 kJ/m3 ‖ O-x is introduced. The sketches show the
schematic vortex configurations in the anisotropy-compensation
region (〈Ku〉 ‖ O-x), zero-anisotropy region (〈Ku〉 ≈ 0 kJ/m3),
and anisotropy-enhancement region (〈Ku〉 ‖ O-y), respectively
(see the main text for details).
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For the given VP range, the displacement current mea-
sured between the surface electrodes is below 10 nA,
being approximately 6 orders of magnitude smaller than
the rms current injected through the disk at 6 dBm.
Therefore, we can exclude any voltage-driven heating
effects on the observed downshift of the vortex gyrotropic
frequency.

Figure 2(b) (red squares) shows the gyrotropic fre-
quency f0 as a function of VP. A detailed examination of
the f0(VP) dependence reveals a nonmonotonous behavior
of the gyrotropic frequency—namely, a small increase at
low voltages (VP � 2 V), followed by a steady decrease
for VP � 3 V. To understand this behavior, we conduct
micromagnetic simulations of the VC gyration dynamics
as a function of the uniaxial strain εxx. The correspond-
ing f0(εxx) dependence is plotted in Fig. 2(b) (blue circles)
and is in good agreement with the experimental f0(VP) for
moderate values of VP � 6 V, corresponding to uniaxial
compressive strain |εxx| � 350 με. Comparison between
the experimental f0(VP) and the simulated f0(εxx) allows
for the estimation of the piezoelectrically generated strain
per unit electric field E in PMN-PT in the linear regime.
We obtain ε/E ≈ −600 pm/V, in agreement with typical
values of the in-plane piezoelectric constants of PMN-
PT. The increased discrepancy between the experimental
f0(VP) and the simulated f0(εxx) at high VP is related to the
nonlinear strain-voltage dependence in the voltage range
close to ferroelectric saturation.

In Fig. 2(b) (blue circles), three distinctive regions in
the f0(εxx) dependence can be differentiated: |εxx| � 75 με,
where f0 increases; 100 με � |εxx| � 150 με, where f0
is stable; and |εxx| � 175 με, where f0 decreases. If
we take into account the net uniaxial anisotropy Kux =
1.1 kJ/m3 in the as-prepared Co40Fe40B20 disk (see
Sec. III A), these three regions can be associated with
the anisotropy-compensation region, where 〈Ku〉 ‖ O-x;
the zero-anisotropy region, where 〈Ku〉 ≈ 0 kJ/m3; and
the anisotropy-enhancement region, where 〈Ku〉 ‖ O-y.
Indeed, when the compressive strain εxx increases from
0 με to approximately 75 με, the induced magnetoelastic
anisotropy is aligned along the y direction (i.e., perpen-
dicular to the x direction), and competes with the existing
net anisotropy along the O-x direction [see the bottom-left
sketch in Fig. 2(b)]. The shape of the vortex is, there-
fore, gradually modified towards the radially symmetric
configuration. This manifests itself as an increase of the
gyrotropic frequency due to the decrease of the average
uniaxial anisotropy. When the strain-induced magnetoe-
lastic anisotropy compensates the intrinsic anisotropy, the
net in-plane anisotropy vanishes and the gyrotropic fre-
quency reaches its maximum value, which corresponds
to the gyrotropic frequency of the radially symmetric
vortex [see the middle sketch in Fig. 2(b)]. Further
increase of |εxx| leads to enhancement of the net anisotropy
along the O-y direction [see the bottom-right sketch in
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Fig. 2(b)], accompanied by a reduction of the gyrotropic
frequency f0.

Our measurements demonstrate an efficient way to
achieve a significant modification of the vortex gyrotropic
frequency by piezoelectric strains, generated locally with
moderate voltages applied to the piezosubstrate.

C. Size-dependent frequency downshift: Role of the
magnetoelastic and demagnetizing energies

Figure 3(a) shows the gyrotropic frequency f0 versus
voltage VP measured in Co40Fe40B20 disks with diame-
ters d of 4.75, 3.65, 3.15, and 1.1 µm. Together with the
diameter-dependent gyrotropic frequency f0, we observe a
clear dependence of the maximum frequency downshift
�f on the device size. Here �f is defined, for each
disk diameter, as the difference between the gyrotropic
frequency f0 at VP = 0 V and the minimum attainable f0
under strain (at VP > 0 V). For d = 1.1 µm, the gyrotropic
frequency f0 weakly depends on the voltage VP, showing
a decrease from 171 MHz at zero strain to 166 MHz at
VP = 5 V followed by a slight increase back to the origi-
nal value at higher voltages. The device with d = 3.15 µm
shows an f0 drop of 12 MHz (corresponding to a rela-
tive decrease of 10.5%) from 114 MHz at VP = 0 V to
102 MHz for VP > 9 V. The devices with larger diame-
ters show a progressively larger strain-induced frequency
downshift, i.e., 27 MHz for d = 3.65 µm and 36 MHz
for d = 4.75 µm, corresponding to 27% and 45%, respec-
tively. Figure 3(b) shows �f versus d2 for a quasilinear
increase of the frequency downshift with increased disk
area.

For devices with large diameters (here 4.75 µm), the
rectification-signal amplitude decreases for large volt-
ages (strains), and becomes hardly detectable above the
noise level for VP > 16 V. This is attributed to the
increased ellipticity of the VC trajectory, as a result of the
contributions of the strain-induced magnetoelastic and

024080-5



VADYM IURCHUK et al. PHYS. REV. APPLIED 20, 024080 (2023)

0 –100 –200 –300 –400
40

60

80

100

120
f 0

(M
H

z)

 3.15 µm
 3.65 µm
 4.75 µm

0 –200 –400 –600 –800

0

5

10

15

20

W
ε/

W
d

xx (με)xx (με)ε ε εxx (με)

 d = 3.15 µm
 d = 3.65 µm
 d = 4.75 µm

0 –200 –400 –600 –800
0.0

0.4

0.8

1.2

Wd; 4.75 µm

Wd; 3.65 µm
Wd; 3.15 µm

W
 (a

J)

Wε; 4.75 µm

Wε; 3.65 µm
Wε; 3.15 µm

(b) (c)(a)

FIG. 4. (a) Simulated f0(εxx) for disk diameters of 3.15 µm (blue circles), 3.65 µm (red squares), and 4.75 µm (green triangles).
For the given diameter, dotted lines indicate the f0 level and diamonds mark the onset of the frequency decrease. (b) Calculated values
of the magnetoelastic energy Wε (solid lines) and demagnetizing energy Wd (dashed lines) as a function of strain for d = 3.15 µm,
3.65 µm, and 4.75 µm. (c) Wε/Wd ratio versus εxx for different values of d. Diamonds mark the onset of the frequency decrease
observed in (a).

demagnetizing energies. Therefore, the dynamic magne-
toresistance over one gyration period decreases, leading to
a reduced rectification signal. In contrast, for the smaller
disks, the VC dynamics is equally detectable at higher
VP due to a weaker susceptibility of the VC trajectory
to the strain. However, the frequency shift becomes less
pronounced, possibly due to strain saturation at large
voltages.

To understand the observed size dependence, we cal-
culate the f0 values as a function of strain for different
disk diameters [see Fig. 4(a)]. Here the same magnetic
parameters are used as for the simulated data in Fig. 2(b).
For increased disk diameter, we observe a reduction of
the critical strain, where the onset of the frequency f0
decrease is observed. This suggests that for larger disks,
less magnetoelastic energy is needed to downshift the
gyrotropic frequency. Note that this effect does not depend
on the magnetic anisotropy, and is present even for Ku =
0 kJ/m3.

To further reveal the origin of the decrease of the
critical strain for large disks, we calculate the equilib-
rium values of the magnetoelastic energy Wε and the
demagnetizing energy Wd as a function of the compres-
sive strain εxx [see Figs. 4(b) and 4(c)]. We exclude the
exchange energy from the consideration due to its negligi-
ble value as compared with Wε and Wd for the given disk
sizes. One can see that for small εxx values, the magne-
toelastic energy Wε dominates [see Fig. 4(b)]; however,
the onset of the f0 decrease, for a given disk diameter,
coincides with the onset of the increase of the demag-
netizing energy Wd. Figure 4(c) shows the Wε/Wd ratio
versus εxx for different disk sizes. Here the values of
the critical strain (marked with a diamond) correspond
to the maximum values of Wε/Wd, i.e., to the onset of
Wd increase. This suggests that besides the magnetoelas-
tic energy contribution, the observed size effects may be
related to the increased demagnetizing energy due to the

strain-induced distortion of the magnetization distribution
in the vortex.

IV. CONCLUSION

We demonstrate a large frequency tunability (up to 45%)
in individual Co40Fe40B20 disks accessed locally with low
surface voltages (16 V or lower) applied to a PMN-PT
substrate. Piezostrain-induced tuning and magnetoresistive
readout of the VC dynamics via microwave rectification
measurements allows an all-electrical operation of the
designed microdevices. The observed decrease of the VC
gyrotropic frequency is associated with the strain-induced
magnetoelastic energy. We show that the frequency tun-
ability strongly depends on the magnetic disk size, with
increased frequency shift for the disks with larger diame-
ter. Micromagnetic simulations show that the observed size
effects originate jointly from the increased magnetoelastic
energy and the increased demagnetizing energy, resulting
from the strain-induced distortion of the vortex configura-
tion. Our results show that electrically induced piezostrain
offers extra room for the frequency tunability of the VC
dynamics in individual spintronic oscillators. In perspec-
tive, the frequency tunability for given strain magnitudes
can be further enhanced by replacing Co40Fe40B20 with
large-magnetostriction materials (e.g., FexGa1−x, TbFe2,
DyFe2, and Terfenol-D).
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FIG. 5. (a) Frequency-swept zero-field rectification spectra of
the 30-nm-thick Co40Fe40B20 disk (diameter 3.65 µm) measured
at 6 dBm of injected rf power for different negative voltages VP
applied to PMN-PT. (b) VC gyrotropic frequency f0 versus VP
extracted from the spectra in (a).
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APPENDIX: RECTIFICATION SPECTRA FOR
NEGATIVE VP

Figure 5(a) shows the rectified Vdc spectra versus rf-
current frequency for the Co40Fe40B20 disk with 3.65-µm
diameter measured at zero magnetic field and for different
negative values of the voltage VP applied to the PMN-
PT substrate. Figure 5(b) shows the values of the VC
gyrotropic frequency f0 as a function of VP, extracted from
Fig. 5(a).
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