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Voltage controlled modification of the magnetocrystalline anisotropy in a hybrid piezoelectric/
ferromagnet device has been studied using Photoemission Electron Microscopy with X-ray magnetic circular dichroism as the contrast mechanism. The experimental results demonstrate that the
large magnetostriction of the epitaxial Fe81Ga19 layer enables significant modification of the domain pattern in laterally confined disc structures. In addition, micromagnetic simulations demonstrate that the strain induced modification of the magnetic anisotropy allows for voltage tuneability
of the natural resonance of both the confined spin wave modes and the vortex motion. These results
demonstrate the possibility for using voltage induced strain in low-power voltage tuneable magC 2014 Author(s). All article content, except where otherwise noted, is
netic microwave oscillators. V
licensed under a Creative Commons Attribution 3.0 Unported License.
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Lateral confinement in planar magnetic materials leads
to the formation of well defined magnetic domain patterns.
The Landau flux closure and vortex domain configurations
are the most obvious examples, and interest in these has
been renewed recently due to the possibility of using a vortex
structure in a four state memory device,1 where the chirality
and direction of the vortex encode the four possible states. In
addition domain configurations with vortex states are currently heavily investigated for magnetic resonator applications.2 The interest in microwave technologies relies on the
fact that under the correct conditions, a spin polarized
current transfers angular momentum to the magnetic structure, the Spin Transfer Torque (STT), giving rise to sustained
oscillations at microwave frequencies. STT has found applications in a wide range of research areas including nonvolatile information storage, such as STT-magnetic random
access memory (STT-MRAM)3 and domain-wall race-track
memory,4 as well as in magnetic microwave oscillators commonly known as spin-torque oscillators (STOs) or spin torque vortex oscillators (STVOs), if a vortex state is present.2,5
These structures are of great commercial interest due to the
fact that they are highly tuneable and very large scale integration (VLSI) compatible. However, a number of challenges need to be addressed before widespread applications
of STVOs are possible including increasing the output
power, removing the need for large applied magnetic fields
and reducing device-to-device variations. Schemes to
increase the output power of STVOs have been a topic of
intense research with phase locking an array of oscillators
being the most elegant.6 An important aspect of phase locking is the ability to control the phase and frequency of the
oscillator with respect to a reference oscillator or other
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oscillators in an array. Fortunately, STVO frequencies can
be varied with both applied magnetic field and current.
Tuning the oscillator frequency using an applied magnetic
field has obvious difficulties related to addressing individual
elements in an array, whilst tuning by changing the bias current leads to issues with energy dissipation. A possible solution to this problem would be to use a material in the STVO,
which can be tuned over a large frequency range by the
application of an electric field rather than a current.
Modification of magnetization and magnetocrystalline anisotropy (MCA) by electric fields is therefore highly desirable
for data storage, spintronic, and microwave applications
alike. Electric field manipulation of magnetization has been
reported previously for ferromagnetic semiconductors,7 single phase multiferroics,8 interface magneto-electric effects,9
and via strain induced in ferromagnet/piezoelectric hybrid
devices.10,11 In this paper, we demonstrate that the application of uniaxial strain to magnetostrictive microstructures
allows for the reversible modification of the flux closure domain pattern. Moreover, we show that the fundamental precessional frequency of the confined spin wave modes and of
the vortex core is strongly modified by the strain over the
experimentally accessible range.
The experimental system studied consisted of a 14 nm
Fe81Ga19 epitaxial thin film grown by molecular beam epitaxy on a n-doped GaAs buffered GaAs(001) substrate. A
1.5 nm amorphous GaAs capping layer was grown to protect
the metallic layer from oxidation. Previous investigations of
films grown under similar conditions10 showed that the
Fe81Ga19 grows as a single crystal on GaAs(001).
Superconducting Quantum Interference Device (SQUID)
magnetometry reveals that the in-plane magnetic anisotropy
consists of a superposition of a cubic term (Kc ¼ 18.9 kJm3)
favouring the [100]/[010] directions and a uniaxial term
(Ku ¼ 12.4 kJm3) along the [110] direction.
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The uniaxial anisotropy directed along the [110] direction is induced by the GaAs substrate as also observed in
thin Fe films grown epitaxially on GaAs (001).12 The 2.2 lm
diameter disc structures were fabricated by electron beam lithography and Ar ion milling before the substrate was
thinned to 150 lm and bonded to a piezoelectric lead zirconante titanate (PZT) transducer, following the procedure in
Ref. 10. Magnetic domains were imaged using the X-ray
Photoemission electron microscope (PEEM) on beamline
I06 at the Diamond Light Source synchrotron. Illuminating
the sample at oblique incidence and making use of X-ray
magnetic circular dichroism (XMCD) at the Fe L3 edge as
the contrast mechanism allowed sensitivity to in-plane
moments with a spatial resolution of approximately 50 nm.
Figure 1(b) shows the magnetic domain pattern for a
2.2 lm diameter Fe81Ga19 disc with a voltage, Vp ¼ 0 V,
applied to the PZT transducer. The disc structure forms a
Landau flux closure domain pattern similar to that normally
found in square planar elements. The magnetic domains form
this pattern instead of the usual curling vortex structure, commonly found in disc elements, due to the strong cubic MCA in
the material which forces the magnetic moments to lie along
the cubic [100] and [010] directions. Indeed, for a structure of
this size, the cubic MCA term for the Fe81Ga19 film dominates
over the in-plane or “longitudinal” shape anisotropy. Of particular interest is that the domains whose moments point along
the [010] direction, shown as grey in Fig. 1(b), are larger in
area than the domains with moments pointing perpendicular
to this axis. Previous work on these hybrid piezoelectric/magnetostrictive devices13 has demonstrated that a finite strain
occurs, even for zero voltage on the transducer. This effect is
due to the anisotropic thermal expansion of the transducer
during the bonding process, which induces a uniaxial tensile
strain of order 104. We confirm this by performing micromagnetic simulations using the Object Oriented
Micromagnetic Framework (OOMMF)14 with a mesh size of
2 nm  2 nm  10 nm and both cubic (Kc ¼ 18.9 kJm3) and
uniaxial (Ku ¼ 12.4 kJm3) magnetocrystalline anisotropy
terms. The strain induced anisotropy is included as an extra
uniaxial term (Ks) along the [010] direction. In order to obtain
good agreement between the experimental data of Fig. 1(b)
and the simulation, we have to include a positive non-zero
strain induced anisotropy term (Ks ¼ 3.5 kJm3) as shown in
Fig. 1(f). By applying 40 V to the piezoelectric transducer,
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the strain induced during fabrication is approximately compensated, resulting in domains of similar size as shown in Fig.
1(a). Again good agreement is found with the micromagnetic
simulations by setting Ks ¼ 0. The domain configuration for
Vp ¼ þ60 V and þ80 V are shown in Figs. 1(c) and 1(d),
respectively. At these voltages, a large uniaxial tensile strain
is induced along the [010] direction in addition to that from
the fabrication process and dominates the magnetocrystalline
components favouring domains which align along the [010]
direction. The domains which initially align along the [100]
direction are reduced in area to such an extent in the central
region of the disc that, to within the resolution of the PEEM,
they resemble a domain wall. Setting Ks ¼ 8.4 kJm3 and
10 kJm3 in the micromagnetic simulation gives excellent
agreement to the experimental data, Figs. 1(g) and 1(h). Using
results obtained from previous studies of Fe81Ga19 on PZT
transducers,13 the application of þ80 V to the piezoelectric
transducer applies approximately 6  104 strain to the
Fe81Ga19 film. The magnetoelastic energy induced by the
applied strain is given by
EME ¼ B1 ðxx  yy Þ sin2 /;

(1)

where B1 ¼ 3/2k100(C12  C11), k100 is the magnetostriction
constant, C12 and C11 are the elastic constants, / is the angle
between the applied strain and the [010] axis, and xx, yy are
the relevant components of the strain tensor. In order to produce large changes in the magnetic system for a given strain,
it is important to maximise B1—the magnetoelastic constant.
For our Fe81Ga19 thin films, B1 is approximately16 MJm3.15
Therefore, an applied strain of 6  104 results in a magnetoelastic energy of approximately 10 kJm3, which is the value
used in the micromagnetic simulation.
We next demonstrate the potential for strain induced
changes in the magnetic energy and domain pattern for applications in microwave oscillators. Using the domain configuration and micromagnetic parameters in Figs. 1(e) and 1(h),
we simulate the dynamic response of the magnetization to a
70 ps field pulse as shown in Fig. 2. In order to obtain good
statistics, we set the damping parameter, a, to a factor of
10 lower than the experimentally observed value. The component of the magnetization along the [100] axis, Mx, is
shown as a function of time delay after the field pulse in
Figs. 3 and 4 for strain states corresponding to 40 V and

FIG. 1. Evolution of the magnetic domain pattern in a 2.2 lm circular
FeGa/PZT structure for different voltages applied to the PZT transducer
(top). Micromagnetic simulation of the
2.2 lm FeGa/PZT device (bottom)
with Ks equal to (e) 0, (f) 3.5, (g) 8.4,
and (h) 10 kJm3. The yellow arrows
indicate the direction of magnetization
in each domain.
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FIG. 2. Schematic diagram showing the direction of the field pulse with
respect to the magnetization (yellow arrows) for Ks ¼ 0. The field pulse is
along the vertical [010] direction.

FIG. 3. The integrated x-component of the simulated magnetization, Mx, as
a function of time after the perturbing field pulse for 40 V applied to the
PZT transducer (Ks ¼ 0). The inset shows the FFT of the data.
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correspond to the motion of the vortex core and the confined
spin wave modes, respectively. The peak at high frequency
is relatively broad due to the contribution of a number of
confined spin wave modes quite close in frequency as
expected for the Landau flux closure state. For a given excitation pulse, only certain modes are excited with the frequency spacing between adjacent modes dependent on the
size of the structure. For relatively large dots, the observed
peaks are expected to be composite ones. The effect on the
dynamics of setting Ks ¼ 10 kJm3, corresponding to þ80 V
applied to the PZT transducer, is shown in Fig. 4. Both the
fast and slow oscillatory motions are still present but have
now shifted in frequency to f1 ¼ 25 MHz and f2 ¼ 1.2 GHz
for the vortex and spin wave modes. Thus, by using a voltage
controlled strain we are able to tune the resonant frequency
of both the spin wave mode and the vortex gyration by 14%
and 58% over the experimentally accessible range of strain
with respect to the zero strain state. In addition, the linewidth
of the confined spinwave modes is considerably reduced. For
this domain configuration and excitation pulse, fewer modes
are excited compared to the unstrained state. Spectral linewidth is an important issue for practical implementations of
STOs and here we demonstrate a way to modify the excited
modes. Finally, we show how the voltage induced strain in
this composite material changes not only the vortex gyration
frequency but also its orbit. Fig. 5 shows the simulated
orbital motion of the vortex core. When Ks ¼ 0 kJm3, corresponding to 40 V applied to the PZT transducer, the vortex
core sweeps out an approximately circular orbit with almost
equal displacement in both x and y directions. The deviation
from a perfect circular orbit is due to the intrinsic uniaxial
anisotropy along the [110] direction. In comparison, for
Ks ¼ 10 kJm3, corresponding to þ80 V applied to the PZT
transducer, the vortex orbit becomes more elliptical, with the
major axis of the ellipse close to the axis of tensile strain.

þ80 V applied to the PZT transducer, respectively. As can
be seen in Fig. 3, Mx shows the expected damped harmonic
motion for a weakly perturbed magnetic system.
Two frequency components are clearly present: a fast
oscillation with a period of approximately s ¼ 0.71 ns and a
slower oscillation with a period of approximately 16 ns. A
fast Fourier transform (FFT) of the data, inset in Fig. 3,
shows clear peaks at f1 ¼ 60 MHz and f2 ¼ 1.4 GHz, which

FIG. 4. The integrated x-component of the simulated magnetization, Mx, as
a function of time after the perturbing field pulse for þ80 V applied to the
PZT transducer (Ks ¼ 10 kJm3). The inset shows the FFT of the data.

FIG. 5. Co-ordinates of the vortex core (simulated) after excitation with a
70 ps field pulse for Vp ¼ 40 V (red triangles) and þ80 V (blue circles).
The field pulse is along the [010] y axis. The scatter in the data points in the
positive x and y quadrant is due the effect of the field pulse and spin wave
modes shortly after the field pulse.
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In summary, we demonstrate that voltage induced strain in
hybrid piezoelectric-magnetostrictive micro-structures significantly changes the magnetic domain configuration. Due to the
strong restoring force of the shape and magnetocrystalline anisotropies, the voltage induced changes are reversible and volatile unlike previous work on macroscopic devices.10 Using the
micromagnetic simulation package OOMMF, the magnetization dynamics of the system have been studied at the two
extreme strain conditions accessible in this particular device
structure. By using a 80 Oe, 70 ps field pulse as the perturbation
our simulations show that a voltage induced strain can significantly modify the spin wave mode and the vortex gyration frequencies and the spatial orbit of the vortex core gyration. By
assembling similar magnetic structures directly onto piezoelectric substrates, such as [Pb(Mg1=3Nb2=3)O3](1–x)-[PbTiO3]x
(PMN-PT) and fabricating voltage electrodes with micrometre
spacing it would be possible to achieve even larger strains for
smaller applied voltages (of order <5 V). These results demonstrate the potential for hybrid multiferroics in voltage tuneable
microwave oscillators.
The authors would like to acknowledge Diamond Light
Source for the provision of beamtime under SI-8560, and
EPSRC Grant EP/H003487/1.
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