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Abstract

The influence of a strain-induced uniaxial magnetoelastic anisotropy on the magnetic vortex
core dynamics in microstructured magnetostrictive CogoFeq9Bop elements was investigated with
time-resolved scanning transmission x-ray microscopy. The measurements revealed a monotonically
decreasing eigenfrequency of the vortex core gyration with the increasing magnetoelastic anisotropy,

which follows closely the predictions from micromagnetic modeling.



I. INTRODUCTION

Magnetoelectric multiferroics, i.e. materials exhibiting a combination of both ferroelec-
tric and ferromagnetic orders that are coupled with each other, are of prime interest for the
development of highly efficient spintronic devices. This is due to the possibility of controlling
the magnetization of these systems with an electric field™™. The extreme rarity of intrinsic
magnetoelectric multiferroics® has however encouraged research on artificial (or composite)
multiferroic materials, i.e. composed of different materials that, combined together, exhibit
a magnetoelectric coupling’. An example of such artificial magnetoelectric multiferroic is
given by the combination of a piezoelectric and a magnetostrictive material, where the ap-
plication of an electric field across the piezoelectric leads to the mechanical straining of the
magnetostrictive material. Through the magnetoelastic (ME) effect, many different mag-
netic properties of the magnetostrictive material can be influenced through the application
of a mechanical strain®. These effects include e.g. the strain-induced control of the magnetic

anisotropy* ™ and the control of the saturation magnetization and Curie temperature*?43,

The ME coupling does not only influence the static magnetic configuration of magne-
tostrictive materials, but also their magnetodynamical properties. A recent example on
the influence of the ME coupling on the magnetodynamical processes of a magnetostrictive
material is reported in Ref. [I1l, where a dynamical strain variation (generated with a sur-
face acoustic wave) was employed for the excitation of microstructured Ni squares at the
ns timescale. Also a static mechanical strain is predicted to influence the magnetodynam-
ical response of a magnetostrictive material. According to micromagnetic simulations**4,
the use of the ME coupling could be employed to control the gyration dynamics of mag-
netic vortices in microstructured magnetostrictive elements through the generation of a ME
anisotropy. This is of interest for the fabrication of frequency-tunable spin torque vortex
oscillators, as the ME coupling would provide a pathway for an additional control of their
eigenfrequency through the application of an electric field*. However, up to now, only sim-
ulations of the influence of the ME anisotropy on the orbit of the vortex core gyration have
been reported. In the work presented here, we provide a first experimental demonstration,
using time-resolved x-ray magnetic microscopy, of the influence of the ME coupling on the
gyration dynamics of magnetic vortex cores stabilized in magnetostrictive microstructures.

We observed a very good agreement between the experimental data and the predictions from



micromagnetic modeling, therefore providing an experimental verification that a static strain

can be employed to control the magnetodynamical properties of magnetostrictive materials.

II. THEORETICAL MODEL AND MICROMAGNETIC SIMULATIONS

The application of an in-plane magnetic field to a microstructured element where a mag-
netic vortex state is stabilized causes the displacement of the vortex core from its equilibrium
position. As the external magnetic field is removed, the vortex relaxes back to its equilib-
rium position following a damped gyrotropic motion. Such motion is described by Thiele’s
equation of motion™®. Under the assumption of a small displacement of the vortex core from
the equilibrium position, and no deformation of the vortex during the excitation, Thiele’s

equation of motion takes the following form™8:

~ G xi—Di+VV(r) =0, (1)

where G = (G&, is the gyrovector, r = x+y the displacement of the vortex core with respect
to its equilibrium position, and D a damping term related to the Gilbert damping o®. The
recall force F(r) = —VV/(r) is described with a spring-like term, given in its general form by
F(r) = —kr, where k is the "spring constant" tensor***. Assuming that only the terms k;;
are non-vanishing (i.e. the recall force is linear with the displacement of the vortex coreld),
the recall force can be described as F(r) = —k,x — k,y, defining k, = k,, and k, = k,,,.
The potential of the vortex can therefore be written as V(r) = 1/2(k,2? + k,y?), which
describes a harmonic potential well.

Assuming a negligible Gilbert damping (i.e. o << 1, which allows us to neglect the term
—Dr in Eq. ), Thiele’s equation of motion leads to an elliptical motion of the vortex core

with angular eigenfrequency wy and orbit eccentricity e given by the following relations:

Tk,
= 2

e = (kyk_ykz>7 (3)

assuming k, < k, (e.g. when a uniaxial anisotropy is applied along the z direction in an
otherwise symmetric structure™). In the simple case of no applied anisotropy (k, = k, = k),

the vortex will exhibit a circular orbit (i.e. e = 0) with the expected eigenfrequency of



wo = k/GY. If damping is included, then the motion of the vortex can be described by an
exponentially damped spiral, where the exponential damping term is related to the Gilbert
damping o*®.

Therefore, it is expected that the straining of a magnetostrictive element in which a
magnetic vortex state is stabilized will give rise to a change of the eigenfrequency wqy as well
as of the eccentricity e of the vortex gyration orbit as a result of the generated uniaxial ME
anisotropy Kyg. This prediction is reproduced by micromagnetic simulations of the vortex
gyration as a function of an applied uniaxial ME anisotropy.

The motion of the magnetic vortex core in microstructured magnetostrictive CoygFe40Bog
(CoFeB) elements was simulated as a function of an applied ME anisotropy with the MuMax?
finite differences simulation package'. For the micromagnetic simulations, a saturation
magnetization of M, = 10° A m™!, an exchange stiffness of A =107 J m™!, and a Gilbert
damping of a = 0.01 were considered. This gives rise to an exchange length of about 4 nm.
Therefore, the micromagnetic simulations were carried out with a discretization cell size of 2
nm X 2 nm. The ME anisotropy was simulated by imposing an external uniaxial anisotropy
along the x direction (from 0 to about 12 kJ m™3 in steps of 0.5 kJ m™). The magnetic
configuration was initialized in the vortex state, and allowed to relax to its equilibrium state
before exciting the motion of the vortex core.

The excitation of the motion of the magnetic vortex core was performed by simulating
an in-plane pulsed magnetic field along the y direction, to reproduce the experimental con-
ditions. The magnetic field pulses had an amplitude of 2.5 mT and a width of 2 ns. The
magnetic configuration of the simulated sample was recorded at intervals of 200 ps, and the
simulations were allowed to run for 100 ns after the removal of the magnetic field pulse.

The position of the vortex core was extracted from the micromagnetic simulations by
finding the position where the absolute value of the out-of-plane component of the magne-
tization has its maximum. From this, the eigenfrequency and the eccentricity of the vortex
orbit could be extracted. As a non-zero Gilbert damping « is considered in the simulations,
the time-dependent position of the vortex core was fitted with an exponentially damped
sinusoid.

Fig. [1| shows the simulated dependence of the eigenfrequency and eccentricity of the vor-
tex orbit as a function of the applied ME anisotropy for the simulated CoFeB microstruc-

tures. The simulated eigenfrequency exhibits its maximum value in the case of no applied
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Figure 1. Micromagnetic simulations of the vortex core gyration eigenfrequency (black squares) and
the orbit eccentricity (blue circles) for a 35 nm thick, 2 ym wide CoFeB microstructured square as

a function of an applied ME anisotropy.

strain, followed by a monotonous reduction when increasing the anisotropy. On the other
hand, the eccentricity is zero for no applied strain (i.e. circular orbit), and increases mono-
tonically with the applied ME anisotropy, underlining the increasingly elliptical vortex core

orbit.

III. TIME-RESOLVED IMAGING OF THE GYRATION DYNAMICS

We verified the predictions both of Thiele’s equation of motion and of the micromagnetic
simulations by experimentally determining the eigenfrequency of the vortex gyration as a
function of the applied ME anisotropy in 35 nm thick, 2 pm wide, microstructured CoFeB
squares. The CoFeB microstructured square elements were fabricated by electron beam
lithography on top of 50 nm thick SigN, membranes with a rectangular shaped window. Prior
to the lithographical exposure, a bilayer of methyl-methacrylate (MMA) and of its copolymer
poly-methyl-methacrylate (PMMA) was spun on top of the sample. The lithographical
exposure was carried out with a Vistec EBPG 5000Plus electron beam writer, employing
electrons at an energy of 100 keV, and an exposure dose of 1800 xC cm™2. A layer of 7 nm
of Al was deposited by thermal evaporation on top of the resist to reduce charging effects

in the electron beam writer. After the exposure, the Al layer was removed by immersion in

tetramethylammonium-hydroxide followed by rinsing in deionized water, and the resist was



developed by immersion in a solution of methyl-isobutyl-ketone 1:3 in isopropanol (IPA) for
120 s followed by immersion in pure IPA for 60 s.

The CoFeB films were deposited by DC sputtering (with a growth rate of 1.7 nm min™!) in
a dedicated chamber with a base pressure in the 107 mbar range at an Ar pressure of about
4 mbar. The films were then capped with 4 nm of Ta. After deposition, the unexposed resist
was removed together with the metal film on top by immersion in pure acetone (lift-off).

To excite the motion of the magnetic vortices, a Cu stripline was fabricated on top of the
CoFeB microstructures, allowing for the generation of an in-plane magnetic field through
the Oersted effect. For the fabrication of the Cu stripline, a bilayer of MMA and PMMA
was spun on top of the sample, and a lithographical exposure with an electron energy of
100 keV and a dose of 1500 uC cm™2 was carried out. To reduce charging, a 7 nm thick
Al layer was once again deposited on top of the resist prior to the lithographical exposure.
The samples were then developed using the same recipe employed for the CoFeB step. A
100 nm thick Cu layer was deposited by thermal evaporation in a dedicated chamber with
a base pressure in the 10~7 mbar range.

A sketch of the samples employed for the investigations presented here, showing both the
CoFeB microstructured elements and the Cu stripline, is shown in Fig. [2

The magnetic configuration of the CoFeB microstructured elements was investigated with
time-resolved scanning transmission x-ray microscopy (TR-STXM) imaging. Circularly-
polarized x-rays tuned to the Co L3 absorption edge were employed to detect the magnetic
configuration of the CoFeB squares exploiting the x-ray magnetic circular dichroism (XMCD)
effect. The samples were mounted with their surface oriented at 30° with respect to the
incoming x-ray beam, therefore allowing for the imaging of the in-plane component of the
magnetization. To compensate for the 30° orientation of the sample with respect to the
x-ray beam, the images were scaled with a factor 2/v/3 in the z direction. For the data
presented here, the spatial resolution was 25 nm.

The CoFeB microstructured elements were strained by mechanically bending the SizNy
membrane with the application of a pressure difference between the two sides of the
membrane’. The application of a non-isotropic strain to the magnetostrictive CoFeB
microstructures (stemming from the use of rectangular shaped membranes®) leads to the
generation of a uniaxial ME anisotropy, as shown in Fig. [B] The measurements of the

static response of the magnetization as a function of the applied strain shown in Fig. [3] are
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Figure 2. Sketch of the samples employed for the TR-STXM investigations. The CoFeB mi-
crostructured elements were fabricated on a rectangular SisN4 membrane, which was employed for
the mechanical straining of the microstructured elements. A Cu stripline was fabricated on top of
the CoFeB elements to excite, through the generation of an in-plane Oersted field, the gyration of

the magnetic vortices in the CoFeB elements.

in agreement with the results from previous works reported for different magnetostrictive

materials®®,

The gyration of the magnetic vortices was investigated by TR-STXM imaging, using
photons of only one helicity (circular negative). Here, the time resolved images were ac-
quired in a pump-probe scheme. The pump signal consisted of a pulsed in-plane magnetic
field, generated by the injection of a current across the Cu stripline, generated with a Tek-
tronix AWGT7122C arbitrary waveform generator. The probing signal is given by the x-ray
flashes generated by the synchrotron light source. For the data presented here, the temporal

resolution was 400 ps.

The waveform generator was synchronized to the master clock of the synchrotron, allowing
for the synchronization between the pump and probing signals. The synchronization signal
is generated by a dedicated field programmable gate array from the master clock of the
synchrotron, which also handles the acquisition of the time-resolved data. Thereby it is
guaranteed that, for each of the time-resolved scans (whilst maintaining the same number

of frames and the same temporal resolution), the zero position of the time delay occurs at
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Figure 3. (a) XMCD-STXM images of a 2 um wide CoFeB square fabricated on a thin SizNy
membrane as a function of the pressure difference between the two sides of the membrane, showing
the generation of a uniaxial ME anisotropy caused by the bending of the membrane. (b) Micro-
magnetic simulations of the CoFeB square at different applied ME anisotropies. By comparing the
XMCD-STXM images with the corresponding micromagnetic simulations, the magnitude of the
ME anisotropy can be extracted. The red arrows indicate the direction of the magnetization in the

images.

the same temporal position.

The width of the current pulses injected across the Cu stripline was selected to be between
2 and 6 ns, with two consecutive pulses separated by about 150-200 ns, to allow both for the
reduction of Joule heating effects caused by the injection of the current pulses and to allow
for the dynamical processes to end before the next excitation. The shape of the current
pulses, which was employed as a diagnostic for the status of the stripline, was monitored
before (through a -20 dB pick-off T') and after the sample with an Agilent Infiniium DSO-S

404A real time oscilloscope.

An example of a TR-STXM image of the vortex gyration dynamics in a 25 nm thick
CoFeB microstructured element is shown in Fig. [4l Here, a sinusoidal magnetic field with

its frequency tuned close to the gyration eigenfrequency was employed.

The eigenfrequency was determined by measuring the time-resolved variation in the
XMCD contrast in a region of interest centered around the equilibrium position of the mag-
netic vortex (see Fig. [F[(a)) upon the application of a magnetic field pulse, and by fitting it
with an exponentially damped sinusoid (see Fig. [f|(b-c) for an example of such fitting). Prior

to the acquisition of the time-resolved images, the magnitude of the applied ME anisotropy
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Figure 4. Snapshots of a TR-STXM image of the gyration dynamics of the magnetic vortex in a
25 nm thick, 2 pm wide CoFeB microstructured square at different phases of the excitation signal.
The vortex was excited by generating a 47 MHz sinusoidal magnetic field. The red arrows indicate

the direction of the magnetization in the images.
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Figure 5. Fitting of the magnetic contrast variation determined from the time-resolved STXM
images. (a) Region of interest (750 x 750 nm?), centered on the equilibrium position of the magnetic
vortex core. (b-c) Fit of the time-resolved XMCD contrast variation in the region of interest shown
in (a) at an applied uniaxial anisotropy of (b) 0 kJ m™2 and (c) of about 7.75 kJ m~3. The

experimental data points were fitted with an exponentially damped sinusoid.

was measured by acquiring static XMCD-STXM images of the magnetic configuration of the
microstructured square at different applied strains (i.e. pressure differences between the two
sides of the Si3sN, membrane). The images were compared with micromagnetic simulations
of the magnetic configuration at different ME anisotropies (see Fig. [3|), which provides a
reliable method for determining the magnitude of the ME anisotropy®.

The experimental measurements of the gyration eigenfrequency as a function of the ME
anisotropy, compared with the results from the micromagnetic simulations, are shown in Fig.
[6l Here, we observed that the experimental data closely follows the predicted behavior from

the micromagnetic simulations. A maximum in the eigenfrequency for no applied strain (i.e.
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no applied ME anisotropy), followed by a monotonic reduction of the eigenfrequency with
the increase of the applied ME anisotropy was observed.

These results provide a clear demonstration that the straining of magnetostrictive mi-
crostructured elements can be employed to modify the potential well of a magnetic vortex,
and therefore to affect the eigenfrequency of the vortex gyration through the ME coupling.
Furthermore, it was verified that the process is reproducible and reversible by removing and

re-applying the strain to the CoFeB squares.
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Figure 6. Comparison between the experimental measurements of the gyration eigenfrequency in
a 2 pm wide, 35 nm thick, CoFeB square as a function of the applied ME anisotropy and the

eigenfrequency predicted from micromagnetic simulations.

As shown in Fig. [0] it is possible to obtain a decrease of almost a factor of 3 in the vortex
core gyration eigenfrequency with applied ME anisotropies on the order of 10 kJ m™3. These
values of the ME anisotropy are easily achievable (with applied strains on the order of 100 to
1000 ppm?”) in magnetostrictive materials such as CoFeB, Ni, and Ga,Fe;_,, i.e. materials
with magnetostrictive constants on the order of 10 to 100 ppm®¢&40,

The very good agreement between the experimental data and the micromagnetic sim-
ulations allows us to reliably describe the potential well V(r) = 1/2(k,2* + k,y?) of the
magnetic vortex core. In particular, from the simulated values of the gyration eigenfrequency
and orbit eccentricity, it is possible to extract the two "spring constants" k, and k,. Their
predicted dependence on the ME anisotropy is shown in Fig. [7]

In particular, we observe that, for the considered values of the ME anisotropy, the har-

monic potential of the vortex loses stiffness along the direction of the applied anisotropy
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Figure 7. Values of the "spring constants" k, and k, determined from micromagnetic simulations,
and estimation of the k, value from the experimentally-determined gyration eigenfrequency under

the assumption of a constant k,.

(i.e. k, is monotonically decreasing with the applied anisotropy), whilst retaining about
the same stiffness along the direction perpendicular to the applied anisotropy (i.e. k, is
almost constant in the range of anisotropies considered here). This given, the value of k,
as a function of the applied anisotropy can be estimated from the measured values of the
gyration eigenfrequency with the following relation, calculated from Eq. and with

the assumption of a constant k,:

wi (Kwk)

ky(Kvg) ~ G
The values of k, estimated using Eq. from the experimental data are shown in Fig.
demonstrating that this estimation yields a reasonable approximation of the stiffness of the
vortex potential well for low values of the ME anisotropy, where k, can be assumed as con-
stant. This allows the estimation of the stiffness of the potential well with the measurement
of only the eigenfrequency of the vortex gyration, which can be easily determined from the

time-resolved STXM images.

Note that, for higher values of the applied anisotropy, also k, will eventually start to
decrease with respect to the Kyg = 0 case, following then the trend simulated for Ga,Fe;_,

microstructured elements in Ref. 14l
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IV. CONCLUSIONS

In conclusion, we reported on the manipulation of vortex core dynamics in magnetostric-
tive CoFeB microstructures through the ME coupling. We have observed that, when gen-
erating a uniaxial ME anisotropy in the CoFeB microstructures through the ME coupling,
the harmonic potential of the vortex core responds to the applied anisotropy via a decrease
in the stiffness of the potential along the direction of the applied anisotropy. This affects
the dynamics of the magnetic vortex core in two ways: the gyration eigenfrequency of the
vortex core decreases with increasing anisotropy, and the orbit of the vortex core becomes
elliptical, with the major axis of the orbit being oriented along the applied anisotropy axis.
The measured changes of the vortex core eigenfrequency follow the predictions from the
micromagnetic model closely. Furthermore, it was possible to employ the measured vortex
core eigenfrequency to estimate the changes in the stiffness of the potential well of the vortex
core induced by the ME coupling. We therefore demonstrated experimentally that the ME
coupling can be employed for the reliable and reproducible control of the magnetodynamical

processes in magnetostrictive materials.
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