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In this work we first statically image the electrically controlled magnetostatic configuration of magnetic vortex states
and then we dynamically image the time-resolved vortex core gyration tuned By ‘electric fields. We demonstrate the
manipulation of the vortex core gyration orbit by engineering the magnetic anisotropies. We achieve this by electric
fields in a synthetic heterostructure consisting of a piezoelement coupled with magnetostrictive microstructures, where
the magnetic anisotropy can be controlled by strain. We directly show the strong impact of the tailored anisotropy on
the static shape of the vortex state and the dynamic vortex core orbit. The results"demonstrate the possibility of using
electric field induced strain as a low-power approach to tune the dynafnical respense of magnetic vortices.

Magnetic vortices'? are chiral magnetic structures with

high stability and unique gyration dynamics that make them a
promising candidate for information carriers in potential spin-
tronic application like data storage® or for nano-oscillators.*
Their advantage stems from the four-fold degeneracy of the
magnetization configuration that makes it possible to manip-
ulate the vortex properties independently in both the circula=
tion direction in the plane and the out-of plane vortex polafity,
thus potentially storing 2 bits.>. Recent investigationg show
that magnetic vortices can be effectively driven by spinsgur-
rents, magnetic fields, or electric currents.>"'! Hotwever, fox
each driving mechanism, the reliable motion of the vertexand
manipulation of its displacement is dependent{fon the knowl-
edge of its eigenmode dynamics on short temporal and spatial
scales.

Conventionally one can tailor the vortex cere dymnamics by
varying the geometry.!>!3 This approach is howeyver limited
as the geometry cannot be tailored pficesthe structure is fabri-
cated, while tuning the resonance“ftequency, and vortex core
trajectory on the fly is a key reguirement for/both tunable os-
cillators and efficient vortex €ore switching.'! For the latter,
for instance in an array of yortices one ngeds to address a sin-
gle vortex. This switching ofia selected ‘single vortex could be
achieved in a global field excitation of a fixed frequency by
bringing only one selectedjvortex into and out of resonance
for that fixed frequencysgxcitation in a low-power approach.
This will only switch this“ene vortex that was brought into
resonance.

A flexiblefway for‘the manipulation of the vortex core gy-
ration orbiti and resenarnce frequency is the modulation of
the particularanisotrpy in the material.'* This can be done
by combining piezeelectric elements with magnetostrictive
ferromagnetic Structures to set the anisotropy by means of
magneto-elastie'(ME) coupling. Such a synthetic heterostruc-
ture proyides a natural way to control the magnetization dy-
namies‘by electric fields applied to the piezoelectric element
eliminating the need for applying current-intensive magnetic
fields.

®Electronic mail: klacui @uni-mainz.de.

Being of interest for both fundamental and applied research,
the quagi-statictbehavior of the ME coupling has been thor-
oughly analyzed,'>~'7 however there are only few experimen-
tal studies that assess the effect of this coupling on the dynam-
ical“behavior of the magnetization, especially at the micro-
and nangsCale.'+!8

Mareover the existing studies predict fundamentally the
feasibility of using ME anisotropy to modify a vortex state and
its dynamics, but an experimental realization of this approach
is still elusive. For practical applications a full electrical con-
trol of dynamical response of magnetic vortices is desired.

In this paper, using time-resolved x-ray magnetic mi-
croscopy, we experimentally demonstrate that electric field
induced strain, acting via the ME anisotropy on magnetostric-
tive microstructures, not only modifies the static magnetic
configurations of the microstructures, but also allows for con-
trol of the vortex core gyration dynamics.

In Fig. 1 (a, b) we schematically depict the sample environ-
ment employed in the experiment, containing a coplanar wave
guide fabricated on top of a bare one-side polished commer-
cial piezoelectric [Pb(Mgg 33Nbg 6603)]0.68-[PbTiz]p.32(011)
(PMN-PT) single crystal substrate. The strain generated by
applying a field for this type of substrate has been previously
quantified.!® The crystallographic directions of the PMN-PT
substrate, defining the strain character, i.e. tensile and com-
pressive for the [01-1] and [100] directions, respectively,'”
are indicated. Figure 1 (c) shows the scanning electron mi-
croscopy (SEM) image of the top surface of the investigated
sample with an array of Ni microstructures of 1 yum in diam-
eter and 50 nm in thickness on top of the Au strip line.

The magnetic configuration of the discs was investigated by
means of photoemission electron microscopy (PEEM) com-
bined with x-ray magnetic circular dichroism (XMCD).2° For
the imaging of the microstructures we used circularly polar-
ized light at the energy of 852.5 eV, which corresponded to the
Ni L3 absorption edge. The imaging was carried out at room
temperature at the CIRCE beamline at ALBA, Barcelona
equipped with an Elmitec PEEM/LEEM microscope.”!

The piezoelectric strain vs electric field response exhibits a
hysteretic behavior. However, once the coercive field is over-
come and the substrate is poled, the response is linear. This
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FIG. 1. (a) - Schematic of the side and (b) - the top view of the sample
environment used for the observation of vortex core gyration dynam-
ics modulated by the ME coupling. (c) - SEM image of the sample
surface showing the magnetic microstructures fabricated on top of a
stripline, which in turn generates an oscillating magnetic field due
to the injected AC current with 500 MHz frequency. The co-planar
waveguide together with the stripline and the magnetostrictive mi-
crostructures are fabricated on top of a piezoelectric substrate (with
an additional electrical contact at the bottom) to generate uniaxial in-
plane strain upon application of an electric field across the substrate.

allows for a full and reliable control of the generated strain by
varying the applied field in the range of -100 - 600 kV/m."®
For these magnitudes of the electric field the expected strain
is in the order of 500 ppm.'° As the total thickness of the la

ers between the PMN-PT and the magnetic microstructures,is
limited to 55 nm a complete transfer of the generated,strai

from the substrate to the microstructures is occurring.!

The motion of magnetic vortices was excited by conti

ous in-plane alternating magnetic field in the x directionygen-
erated by a sinusoidal current passed through the Au sti
(Fig. 1 (b)) at a fixed frequency of 500 MHz, whi

quency of the synchrotron clock, set by th

the microstructures at different tim
tion relative to the incoming x-ray
Prior to XMCD-PEEM imagifig o magnetic configura-
tion of the microstructures we¢ ex-sifu demagnetized the sys-
tem by applying an alternating magnetigfield with an expo-
nentially decreasing am@gd
a wide range of lateral-di
vortex state was for
ing around a vort
magnetic domai

opy dominated states.'
ctric field is applied to the piezoelectric sub-
istribution in the Ni structures changes.
netic domains with antiparallel magnetization align-
in size at the expense of the two others, with the
ization pointing in the perpendicular direction. This
§ that the electric field induced piezoelectric strain
5 a uniaxial anisotropy in the magnetic material, fa-
voring one magnetic domain direction over the perpendicular
direction domain.'6

Note, however, that the symmetric domain distribution cor-
responds to an applied electric field of about 250 kV/m. This

indicates the presence of an additional uniaxial anisotropy
contribution at zero applied strain as previously observed.'®
A possible explanation stems from the substrate, which in
its virgin state falls into a piezoelectric multidomain state.'®
When the substrate is electrically poled, regions with different
piezoelectric domains may give rise to regions with a differ-
ent pre-strain, which can then influence the magnetization of
the Ni microstructures, fabricated on an unpoled substrate. !°
A larger compressive strain along the x direction is generated
upon increasing the el?gi"c field above 250 kV/m (see Sup-
plementary Material). “Consequently, the areas of the black
and white domainsdn“Fig. 2 each increase by ca. 11%.
For the electric fields below 250 kV/m the compression along
the x direction is weaker than that at 250 kV/m, whilst the
nger, as suggested by the linear
strain on the electric field.!® There-

low 250 kV/mSas indicated by green and yellow arrows in

g;l;};us, domains with the magnetization along the effective
c resa‘e strain direction grow. This behavior is in line

ith the expected behavior of Ni with its negative magne-
tostsictive constant (for bulk Ni, A ~ -32 ppm??) and agrees
well i1t£1 the results reported earlier for microstuctured Ni
squares °.

\ Micromagnetic simulations were carried out in the Mi-

croMagnum framework®* to quantify the induced magneto-
elastic anisotropies using the following parameters for Ni: ex-
change constant, A = 8- 10712 Jm~!, saturation magnetization,
M, = 4.8:10°> Am~! and the Gilbert damping parameter o =
0.01. The numerical discretization used for the calculations
uses a cell size of 3 nm in the in-plane direction and 50 nm in
the out-of-plane direction, which corresponds to the thickness
of the Ni microstructures.

The effect of the electric field induced strain was introduced
into the simulations as an additional uniaxial ME anisotropy
term. For every value of the ME anisotropy the magnetic
configuration was initialized in the vortex state and relaxed
into its equilibrium state. We compared the simulated domain
structures for a range of anisotropies, shown in Fig. 2 (e)-(h),
with the experimental images and determined for which ME
anisotropy values the domain configurations agree thereby al-
lowing us to quantify the induced ME anisotropy.

Having established the static vortex configuration, we next
address how the strain induced ME anisotropy affects the dy-
namical response of the magnetic vortices. Vortex core dy-
namics is typically excited by an in-plane magnetic field pulse
on a ns-timescale, that initially forces the vortex core off-
center with subsequent spiral motion back to the equilibrium
position at the disk center. Alternatively, one can employ os-
cillating magnetic fields to excite a resonant gyration of the
vortex core with the gyrotropic frequency proportional to the
disk aspect ratio (L/R), where L and R are the disk thick-
ness and radius, respectively.!'"'32 For ferromagnetic vor-
tices, geometrically confined in a disc, the lowest energy ex-
citation corresponds to a periodical motion of the vortex core
around its equilibrium position with a particular gyration tra-
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FIG. 2. (a)-(d) - XMCD-PEEM images of the magnetization config-
uration of a 1-um Ni disc as a function of different applied electric
fields across the piezoelectric substrate. (e)-(h) — Micromagnetically
simulated magnetization configuration of a 1-um Ni disc, introduc-
ing different magnitudes of the ME anisotropies. The gray scale
indicates the magnetic contrast and the colored arrows indicate the
magnetization direction.

jectory.
The dynamic gyration movement can be describe
general case by the following equation of motion:2%2

Mi— G x t—Di+VU(r) =0, \(n\

where r is the position of the vortex core, M its
tensor, G the gyrovector, describing the pteeessional motion
of the vortex core, and D a dissipation term p%@l to the
Gilbert damping ¢. U(r) is the potential energ
tex core with its minimum at the edquilibsium position of the
ter of the nanostructured
al/fields. By intro-
it is possible to

ive mass

ducing additional anisotropy
modify the potential eneéf pro

to a different and anisotrepicipotentialy which is thus expected

to affect the dynamicalds Me excited vortex core.
To study the vorteX core dynamics, we acquired a series of

(1 um-sized Ni discs, when a cur-

core “S then extracted from the experimental
-

ortex core dynamics excited by an alter-
agneti%ﬁeld are summarized in Fig. 3 (a)-(d). The
osition is plotted for different times during the
re gyration for four given electric fields applied to
the piezoelectric substrate. The data set represented by red
ig. 3 (c), measured at 250 kV/m applied, is nearly
circular, which corresponds to an unstrained vortex state, as
discussed above (Fig. 2 (c)) and agrees with the theoretically
predicted behavior.?8%°

When the ME uniaxial anisotropy comes into play, i.e.

B\

MV/m exhibit a stronger spread in the y direction, by more than
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FIG. 3. (a)-(d) — Experimentally determined distribution of xy posi-
tions of the vortex core during its gyration measured as a function of
an electric field applied UK{ e piezoelectric substrate. The xy posi-

ime-resolved XMCD-PEEM images
il in Supplementary Material.

tions were extracted from' the
using the algorithm dgScribed in d

circular orbit. For positive elec-
a higher magnitude, which induce the ME
is in the Ni disc along the direction of the

when an eleetric field _applied to the substrate is varied, the
behavior déviates from

atmg th

on it.-moves within 40 nm, as represented by black square
markers inj Fig. 3 (d). For zero and negative applied elec-
ic fieldsy’shown by blue and green markers in Fig. 3 (a, b),
respectively, the vortex core position is confined in the x direc-
ion, i.e. the amplitude along x of its gyration does not exceed
a tens of nm. Moreover, the xy positions measured at -100

100 nm.

It follows that the application of an electric field, and
thus the piezoelectric strain, strongly deforms the vortex core
gyration orbit. The induced ME anisotropy confines the
vortex core gyration, so that it moves along the easy ME
anisotropy axis. This observation agrees with previously re-
ported behavior.3%3! It was theoretically shown that imposing
a uniaxial anisotropy along the x direction in the vortex state
modifies the restoring force acting on the vortex core when it
is away from its central equilibrium position. The reported
softening of the restoring force (which is more prominent
along the anisotropy direction) determines, in particular, the
eigenfrequency decrease for the distorted vortex state com-
pared to the undistorted vortex state. Another consequence
of this is the increased ellipticity of the vortex core trajecto-
ries. As shown previously, the magneto-elastically induced
additional anisotropy acts as to expel the vortex core from the
disc along the x direction.® In fact both these effects need to
be taken into account to understand the observed modification
of the vortex core gyration orbit under the application of an
electric field generated strain.

To qualitatively assess the experimental results, we com-
pared them to micromagnetic simulations of a vortex core gy-
ration orbit for various values of the effective ME anisotropy.
To be able to carry out simulations in realistic computational
times with sufficient accuracy, we considered a disc of smaller
dimensions, i.e. 20 nm thick with 200 nm radius, thus having
the same aspect ratio as the one used in the experiment, which
was relaxed into a vortex state. Note that the quantitative am-
plitudes of the ME anisotropy used for the these simulations
are different, because of the different disc dimensions consid-
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‘ s Iﬂ:z nd the shape anisotropy that is much larger for smaller
discs. The magnitudes of the induced ME anisotropy were

Pu b|l§1|am«g' introduce sizable changes in the magnetic configu-

ration, analogous to the ones presented in Fig. 2 (e)-(h).

To excite the vortex core gyration in simulations we im-
posed an in-plane oscillating magnetic field with an ampli-
tude of 3 mT along the x direction similar to the experimen-
tal conditions. The position of the vortex core was extracted
from micromagnetic simulations by finding the xy coordinates
where the absolute value of the out-of-plane component of the
magnetization was maximum. First, the frequency of the ex-
citation was set to 256 MHz, which is approximately the reso-
nance frequency of the vortex core gyration for the undistorted
vortex state and for the geometry used. The resulting vortex
core gyration orbits as a function of the ME anisotropy are
shown in Fig. 4 (b).

One can see that without the contribution of the ME
anisotropy, i.e. when the domain structure is not distorted
(similarly to Fig. 2 (g)), the gyration orbit is circular (red
circular markers in Fig. 4 (b)), because the excitation occurs
with the frequency that corresponds to the eingenfrequency
of the system. However it becomes deformed once the ME
anisotropy sets in. The amplitudes of the ME anisotropy used
for the simulations are chosen to produce similar changes of
the domain structure relative to the undistorted vortex config-
uration as in the experiments.

Additionally we performed a series of simulations, where
the excitation frequency does not match the resqgnance fre;
quency of the vortex core gyration for this geometry te,see
if the effect of the ME anisotropy is qualitatively diffetent.
The corresponding vortex core gyration orbits\exgitedyith
200 MHz and 300 MHz oscillating magpéetic field in the x
direction are depicted in Fig. 4 (a, c) for vagious<amplitudes
of the ME anisotropy. The selected excitation frequencies en-
able us to analyze two regimes, namely.for frequencies well
above and below the gyrotropic eigenfrequencies of both the
undistorted vortex state and the State modified by the induced
ME anisotropy.

By comparing the trajectorieswepresenited by red circular
markers in Fig. 4 (a-c) weean clearly see the sole effect of
the off-resonant excitation. AS«described analytically? and
demonstrated numeriéally, the gyration orbit becomes elon-
gated perpendiculat to‘the €xcitation field direction, if the ex-
citation frequengy is smaller than the eigenfrequency of the
system (red in Fige 44(a)). If the excitation frequency is larger
than the eigefifrequeney, thie orbit is elongated along the oscil-
lating magnetic fielddircetion (red in Fig. 4 (¢)).

However, the individual effect of the ME anisotropy alone
on thefsteady state'motion of a vortex core cannot be disentan-
gled, because the induced anisotropy also reduces the eigen-
friequency“ef thé system for the reasons mentioned earlier in
theytextsy, Thus both effects contribute to the modification of
the gyration orbit.

As an example, we consider the excitation frequency that
matches the eigenfrequency at zero ME anisotropy (Fig. 4
(b)). The gyration orbit of the symmetric vortex is circular
because the excitation occurs at resonance. The gyration or-
bits at Ky = 6.8 kJ/m> and Kyg = —10.3 kJ/m? should be

on one hand both elongated in the x direction, because the
excitation frequency is larger than the eigenfrequencies cor-
responding to the deformed states, which are 230 MHz and
208 MHz, respectively. On the other hand, the ME anisotropy
also sets the preferred direction for the gyration, i.e. along
x for Ky = 6.8 kJ/m? and along y for Kz = —10.3 kJ/m°.
Depending on which of these two effects is dominant, the gy-
ration orbits can be elongated either along the x or along the y
directions. Generally, by having these two effects counteract-
ing, as for the Ky;p = —40.3 kJ/m?3 in Fig. 4 (b), one can also
tune the magnitude of the ME anisotropy to fully compensate
these contributions dnd“make the gyration orbit circular even
when the excitationwgccurs off resonance.

The trends ofthe orbit modifications in Fig. 4 (a, c) have
a similar underlyingunechanism. In the first case, as the ex-
citation oceurs below the resonance, all orbits tend to align
along the y digection.dn addition, the uniaxial ME anisotropy
along y'makes they direction even more favorable for the orbit
showniby greenimarkers, while for Ky = 6.8 kJ/m3, the ME
anisotropy counteracts the frequency mismatch and leads for
the black orbit'to an elongation in the x direction. This results
inhé erbitat Kyr = 6.8 kJ/m? being more elongated along x
than the orbits at Kyr = —10.3 kJ/m> and Kyp = 0 kJ/m?, as
it can be seen in Fig. 4 (a).

The opposite is observed when the excitation frequency is
abeve the resonance (Fig. 4 (c)). The off-resonance excitation
frequency leads to the orbit elongation along the excitation
field direction, i.e. along x. The ME anisotropy in the x di-
rection makes the orbit shown in black even more elongated
along x, while the counteracting ME anisotropy in the y di-
rection reduces the elongation along x for the orbit shown by
green markers.

Thus, the micromagnetic simulations show that by means
of the ME anisotropy one can tune not only the gyrotropic
frequency of a system to the resonance, but also the orbit so
that it acquires a circular shape even if the excitation occurs
off resonance.

Even though the simulations of the dynamics were per-
formed using a different geometry than the experimental one,
the found mechanisms can explain qualitatively the experi-
mental observations. More specifically, the experiments re-
vealed that the gyration orbit becomes elongated in the x (y)
direction for 500 kV/m (-100 kV/m) as depicted in Fig. 2, i.e.
the gyration becomes more favorable in the direction of the
easy axis induced by the piezoelectric strain. While being also
governed by the competition between the frequency mismatch
due to the ME anisotropy and the effect of the anisotropy it-
self, the experimentally observed modifications of the gyra-
tion orbit associated with the electrically tunable strain allow
us to identify that the contribution of the ME anisotropy is
dominant for the particular microstructures studied here ex-
perimentally.

To conclude, we have studied vortex core gyration dy-
namics in magnetostrictive microstructures fabricated on top
of a piezoelectric substrate and its modification due to an
electric field applied across the piezoelectric. We have found
that the ME anisotropy generated by piezoelectric strain
modifies the magnetic configuration of the microstructures
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FIG. 4. Micromagnetically simulated orbits of the vortex core gyra-
tion in a 200 nm diameter 20 nm-thick Ni disc after the excitation
with an in-plane magnetic field oscillating at 200 MHz, (b) 256 MHz
and (c) 300 MHz with an amplitude of 3 mT for selected values of
the induced ME anisotropy.

statically. In particular it also influences the vortex core
gyration orbit, which we determined by time-resolved imag-
ing of the magnetic configuration of the vortices. We have
found that electrically induced and controlled ME anisotropy
allows one to tune not only the gyrotropic frequency of the
microstructures but also the shape of the vortex core gyration
orbit. The two underlying mechanisms responsible for the
observed modifications of the gyration orbit are the chan

landscape due to the induced anisotropy. The magnetizatio

in the resonance frequency and the change in the poterl'gl\

dynamics behavior observed in the experiment is i
qualitative agreement with the micromagnetic si
where the effect of piezoelectric strain was m
an additional uniaxial anisotropy term. Oup resu
that electrically induced strain can be use
magnetodynamic response of magnetic vottices. Of p
importance is that the resonance frequen Nex can
be tuned to match the excitation frequency by*using electric
fields. Thus, this approach provide energy efficient tool
to fully electrically control vortex{ dynamies which is a key
in‘microwave devices.

See supplementary mater "%or experimental details,
comparison of experime XMCB:PEEM images with mi-
cromagnetic simulations, the vQrtex core location algorithm

and additional suppo, injmula s of the impact of strain
on vortices.
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