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Electrical switching of the magnetic vortex circulation in artificial multiferroic

structure of Co/Cu/PMN-PT(011)
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Co films and micron sized disks were grown on top of piezoelectric PMN-PT(011) and Cu/PMN-
PT(001) substrates and investigated by the Magneto-Optic Kerr Effect and Photoemission Electron
Microscopy. By applying an electric field in the surface normal direction, we find that the strain of
the ferroelectric PMN-PT(011) substrate induces an in-plane uniaxial magnetic anisotropy in the
Co overlayer. Under specific conditions, the Co magnetic vortex could be switched between clock-
wise and counter-clockwise circulations. The variations of the Co vortex switching were attributed
to the variations of the ferroelectric domains under the Co disks. We speculate that the switching of
the magnetic vortex circulation is a dynamical process which may involve pulses of appropriate
magnitude and duration of the uniaxial magnetic anisotropy delivered to the magnetic vortex.
Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4990987]

The non-volatility of magnetic memory makes it an
ideal candidate for information storage.l Moreover, devi-
ces based on magnetic architectures are intrinsically more
energy-efficient than conventional transistors because of
the absence of leakage current. Therefore, it has been
important and desirable to achieve a switching of the mag-
netization by an external voltage/electric field for both
fundamental research and technological applications.?
Among variable approaches, multiferroic-magnetoelectric
composite systems, either naturally formed components or
artificial ferromagnetic (FM)/ferroelectric (FE) hetero-
structures, have been explored extensively due to the cou-
pling between the ferroelectric and magnetic orders.>* In
particular, the magnetoelectric effect in FM/FE hetero-
structures is very promising because piezostrain produced
by an electric field in the FE layer could be easily trans-
ferred to the FM layer in a heterostructure. Devices based
on this principle are estimated to have 3-5 orders of mag-
nitude more energy efficiency than the conventional tran-
sistors.”® It was also proposed that magnetization could be
switched by low voltages in a single-domain nanomagnet
with little energy dissipation.’

Phenomenologically, the influence of strain on the mag-
netostrictive layer is a spin reorientation transition (SRT) of
the thin-film magnetization from in-plane to out-of-plane
directions.®® More recently, however, ferroelastic (71°, 109°)
domain switching was observed in new generation single-
crystal ferroelectrics Pb(Zn;;3Nb,/;3)03-PbTiO5 (PZN-PT)
and Pb(Mg;;3Nb,/;3)05-PbTiO; (PMN-PT). The unique
switching pathways in these materials induce an in-plane
strain anisotropy, thus leading to an in-plane 90° magnetiza-
tion switching by applying an out-of-plane electric field.'*'*
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It was also proposed'’ and shown experimentally'®'” that a

single domain nanomagnet could be switched by electric volt-
age between two states of orthogonal in-plane orientations.
Furthermore, it was demonstrated that the domain walls of a
magnetic vortex could be displaced by piezoelectric strain in
Ni nanostructured squares grown on PNM-PT.'® However, it
is unclear how the strain from the substrate is transferred to
the ferromagnetic layer across a 50 nm thick Pt spacer layer.
Despite the above progress, it has not yet realized a clean and
reliable voltage switching of magnetization between two
opposite directions which are desired binary memory states.
An alternative approach is to seek voltage switching between
two different magnetic domain states, e.g., switching of mag-
netic vortex states between opposite circulations. The vortex
circulation is characterized by the in-plane curling of the
magnetization vector (clockwise or counter-clockwise)
around the center of the vortex and has been proposed as the
possible binary memory states. The control of vortex circula-
tion has been realized via means other than the electric volt-
age such as by an asymmetry in the structure shape,'® the
spatial distribution of the applied magnetic field,”**!
second magnetic field pulse,22 and by exchange bias.”
Regarding the electric control of vortex domain states, it was
reported very recently that elliptical Co nanomagnets could
be driven from a single domain state into a vortex state by
surface acoustic waves, which modulates the stress anisot-
ropy of these nanomagnets.>* But unfortunately, such switch-
ing is not the desired binary vortex states of opposite
circulations. Until now, voltage controlled circulation switch-
ing of a vortex state has been rarely reported either theoreti-
cally or experimentally. In this article, we report evidence of
electric switching of the magnetic vortex state in the Co/Cu/
PMN-PT(011) system. First, we studied uniaxial magnetic
anisotropy of Co films induced by piezostrain of the PMN-PT

nano-

Published by AIP Publishing.
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substrate. Then, we demonstrate that the circulation of a Co
magnetic vortex could be switched by applying an out-of-
plane electric field to the PMN-PT substrate.

A 0.5-mm-thick PMN-PT(011) single crystalline sub-
strate was annealed in an ultrahigh vacuum with a base pres-
sure of 2 x 107! Torr to a temperature of 600°C. Then,
Copper (Cu) films of various thicknesses (0, 2, 4, and 15 nm)
were grown on top of the PMN-PT(011) at room temperature
by moving the sample holder behind a knife-edge shutter,
followed by a 30nm thick Co film grown from an e-beam
evaporator. Finally, a 2nm Cu film was capped as a protec-
tion layer. This metallic upper layer also served as a top
electrode. Another 15nm thick Cu layer was grown on the
back-side of the PMN-PT(011) substrate to serve as the back
electrode so that the electric field can be applied to the
PMN-PT in the out-of-plane direction by applying a voltage
between the top and the back electrodes.

Figure 1(a) shows the experimental geometry for the
Magneto-optical Kerr effect (MOKE) measurement. In addi-
tion to the conventional hysteresis loop measurement, we
also performed the rotation MOKE (ROTMOKE) measure-
ment to determine the magnetic anisotropy of the Co films.
For the ROTMOKE measurement, a 300-Oe magnetic field
rotates in the film plane to rotate the Co magnetization. As
an example, Fig. 2(b) shows the normalized Kerr signal as a
function of in-plane magnetic field angle 6y, which almost
follows the cosine curve for an electric field of 0.35 MV/m
and deviates from the cosine curve for an electric field of
1.0MV/m. Since MOKE measures the projection of the in-
plane magnetization in the optical plane [x-axis or [011]-
axis of the PMN-PT crystal shown in Fig. 1(b)], the angular
difference between the magnetization and the magnetic field
permits the determination of the magnetic anisotropy of the
Co film. For our case, we only need to consider the Zeeman
energy and the voltage induced uniaxial magnetic anisotropy
because the polycrystalline Co film averages out any pre-
ferred direction of the Co magnetization due to its own mag-
netic anisotropy. Then, the gross energy density of the
system is given by

Ey = —MgH cos(0y — 0y) 4 Ko sin®(0y). (1)

Here, Ey is the energy density, Mg = 1400 emu/cm? is
the Co saturation magnetization, H is the external magnetic
field, 0y and 0y, are the angles of the magnetic field and Co
magnetization relative to the x-axis, and K, is the strain-
induced uniaxial anisotropy constant. The direction of
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FIG. 1. (a) Experimental geometry for uniaxial anisotropy measurements for
Co/PMN-PT(011) under a perpendicularly applied electric field using
ROTMOKE. (b) Sketch of the PMN-PT(011) crystal structure.
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FIG. 2. (a) Hysteresis loops measured at 0.35 MV/m and 1.0 MV/m applied
electric field along the [0 11] axis. (b) Kerr signal as a function of magnetic
field angle 0. (c) Magnetic torque H sin (0 — 0)) experienced by the mag-
netization as a function of magnetization angle ). (d) Uniaxial magnetic
anisotropy field (left axis) and transferred strain (right axis) as a function of
applied electric field strength.

magnetization can be obtained by minimizing the energy

density with respect to the magnetization angle g%; =

—MgH sin (0 — 0y;) + K3 sin 260y, = 0. )

Defining the magnetic torque of L(0y) = H sin (0y
—0)) and substituting with 2K, /Mg = H,, we obtain

L(0y) = K> sin 20y, /Mg = %Hz sin20y. 3)

By fitting the experimental value of the magnetic torque
using Eq. (3), the uniaxial anisotropy field of H, can be
retrieved.'*?

Figure 2 shows the result of the strain induced uniaxial
anisotropy in a 30-nm Co film grown on the PMN-PT(011)
substrate at different applied electric field values. First, Fig.
2(a) clearly shows that the hysteresis loops change from
square-shape to hard-axis loops after changing the electric
field from 0.35MV/m to 1.0 MV/m. This easy-axis (EA)
magnetization switching is further reflected by the 90° shift
of the magnetic torque curve in Fig. 2(c). The fitted uniaxial
anisotropy field H, = 155 Oe with the EA along the [100]
axis at an applied electric field of 1.0 MV/m and a fitted uni-
axial anisotropy H, = 29 Oe with EA along the [011] axis at
an applied electric field of 0.35MV/m are revealed by the
blue and black torque curves in Fig. 2(c), respectively, simi-
lar to the results reported in the literature.®'%%¢ The mag-
netic anisotropy field H, exhibits a symmetric butterfly
shape as a function of the electric field [Fig. 2(d)] which
has been attributed to the stain-induced magnetic anisot-
ropy.'?'**” The absence of the magnetic anisotropy at the
zero electric field is an indication of the zero strain in the
polycrystalline Co film. With increasing the electric field,
the ferromagnetic thin film first shows a positive uniaxial
anisotropy with the EA parallel to the [011] axis and then
switches to a negative value at around the 0.35 MV/m with
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the EA parallel to the [100] axis. As the electric field further
increases, the magnitude of the uniaxial anisotropy has
another jump at around 0.6 MV/m and finally saturates above
0.65 MV/m of the applied electric field. The uniaxial anisot-
ropy displays a hysteresis and a symmetric behavior for
positive and negative electric field values. To confirm this
butterfly shape behavior, we repeated the measurement by
rotating the sample by 90° in-plane. The measured uniaxial
anisotropy has the same value except for a sign change, con-
firming that the result is not due to any optical effect of the
ROTMOKE. The butterfly shape of the uniaxial magnetic
anisotropy is a strong reminiscence of the piezostrain of the
substrate in response to the applied electric field. To discuss
this mechanism more quantitatively, we employ the follow-
ing relation between the magnetic anisotropy and the
strain:®!¢-18

3
KZZ_E/‘LSY|Q\'_€y|~ (4)

Here, 4g = 60 ppm is the magnetostrictive constant of Co,
Y =209 GPa is the Young’s modulus of Co, and |e, — €] is
the in-plane strain difference between the piezoelastic
response in the x- and y- directions due to the transverse
electric field applied in the z direction. For the Co film at the
saturation electric field, the induced magnetic uniaxial
anisotropy energy is K, = 2.17 x 10° erg/cm® according to
the relation to H, as K, = %HzMS. Then, using Eq. (4), we
estimate an in-plane strain difference of |e, — €,|~623 ppm
in the Co film at the saturating electric field. This value is
smaller than that of PMN-PT, indicating that some strain
from the substrate is already relaxed in the Co film.

The behavior of the Co uniaxial anisotropy can be
understood as follows. The Co film was grown on top of the
PMN-PT(011) substrate in its remanent state which consists
of ferroelectric domains that are randomly distributed along
the 8 equivalent (111)easy axis orientations.'>'? At this
state, the as-grown polycrystalline Co film contains no (or
very small) in-plane magnetic anisotropy. As an electric field
is applied along the z direction, the polarization of the ferro-
electric substrate prefers to switch to the two out-of-plane
(111) directions [[T11] and [1TT] directions in Fig. 1(b)] due
to the thombohedral phase, leading to an outstretched strain
along the [100] axis and a compressive stain along the [011]
axis.'*'®!® Considering the positive sign of the Co magneto-
strictive constant, the Co film obtains a uniaxial magnetic
anisotropy with EA pointing along the direction of tensile
strain, i.e., [100] axis. This strain induced EA orientation
corresponds to the hard axis in the Ni/PMN-PT(110) system
because Ni has a negative magnetostrictive constant.'®'®
The two-step jumps of A— B — C in Fig. 2(c) are then asso-
ciated with the existence of the monoclinic phase, which
bridges the reversal of domains of the rhombohedral phase
during the bipolar cyclic electric field process.?*

The piezostrain mechanism of the induced magnetic
anisotropy is further supported by inserting a copper spacer
layer between the ferromagnetic Co layer and the ferroelec-
tric PMN-PT(011) substrate. Figure 3 shows that the Cu
spacer layer reduces the magnitude of the induced magnetic
anisotropy, whereas the curve shape of the uniaxial

Appl. Phys. Lett. 110, 262405 (2017)
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FIG. 3. Uniaxial anisotropy as a function of the applied electric field of
Co(30nm)/Cu(0, 2, 4, and 15 nm)/PMN-PT(011) with different thicknesses
of the Cu spacer layer.

anisotropy versus electric field appears to be identical
between 0, 2, and 4nm of copper spacer thicknesses. The
induced magnetic anisotropy is the largest when the ferro-
magnetic Co film is in direct contact with the ferroelectric
PMN-PT(011) and decreases by about 67% for 2-nm and
4-nm Cu spacer layers and almost vanishes for the 15-nm Cu
spacer layer. Recognizing that the strain relaxes with
increasing Cu thickness, the result of Fig. 3 supports the pie-
zostrain mechanism of the uniaxial magnetic anisotropy in
the Co film.

To study the effect of induced uniaxial anisotropy on the
vortex state, we prepared the Co (30 nm)/Cu spacer (0, 4 nm)/
PMN-PT(011) sample. The Co layer here is patterned into
~1.5 um diameter disks by evaporating Co through a contact
shadow mask [Fig. 4(a)]. Element-resolved X-ray Magnetic
Circular Dichroism (XMCD) was measured at the Advanced
Light Source of Lawrence Berkeley National Laboratory at the
Co 2p level at BL11.0.1.1. Circular polarized x-rays experi-
ence different absorption intensities at the L;, edges for
magnetization parallel and antiparallel to the X-ray beam.
Thus, from the element-resolved Photoemission Electron
Microscopy (PEEM) images, one can retrieve the Co domain
patterns as well as their relative magnetization directions.

Figures 4(c) and 4(d) show the domain images as a func-
tion of different applied electric fields for Co disks on the
PMN-PT(011) substrate from two different disks. A transi-
tion was observed at 0.2 MV/m electric field with the magne-
tization changes to the direction perpendicular to the x-ray
beam (the up/down in-plane direction in Figs. 4(c) and 4(d)
so that the magnetic contrast diminishes). Further increasing
the electric field to 0.4—-0.6 MV/m leads to a vortex with the
magnetization direction more or less parallel to the x-ray
beam [light/right in plane directions in Figs. 4(c) and 4(d)].
Above 0.8 MV/m electric field, some of the magnetic vorti-
ces become single domain state, while others remain vortices
with half-left and half-right magnetization directions. The
above observations are consistent with the ROTMOKE result
that the uniaxial anisotropy first becomes positive and then
negative before fully saturating. It should be mentioned that
to ensure a good conductive upper electrode for the electric
field application and a good conducting surface for the
PEEM operation, a 10-nm Cu capping layer was deposited
on the whole sample after the magnetic Co disks were
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grown. This relatively thick Cu layer results in a less mag-
netic contrast from the Co disk due to the finite escaping
depth of the electrons in the PEEM measurement.
Nevertheless, we were still able to obtain the weak Co mag-
netic contrast although it is difficult to perform a quantitative
analysis on the Co domain contrast and the domain area. The
interesting observation is that some vortices switch their cir-
culation in the 0.4-0.6 MV/m electric field range as com-
pared to their original circulations. To further explore this
phenomenon, we imaged Co (30 nm disks)/Cu (4 nm)/PMN-
PT(011) at different electric fields from two different Co
disks [Figs. 4(e) and 4(f)]. The better XMCD contrasts in
Figs. 4(e) and 4(f) are due to the fact that the presence of the
Cu spacer layer in this sample allows a thinner copper
capping layer as the top electrode, thus permitting more
secondary electrons to escape. The Co disks with a 4-nm Cu
spacer layer exhibit clearly a vortex state of equally distrib-
uted four domains areas instead of two domains from Co
disks in direct contact with the PMN-PT substrate in Figs.
4(c) and 4(d), confirming the attenuation of stain-induced
anisotropy in Co disks with a thicker Cu spacer layer, which
is consistent with the ROTMOKE result of the Co film shown
in Fig. 3. The most interesting result is that the circulation of
the Co magnetic vortex switches from counter-clockwise to

Appl. Phys. Lett. 110, 262405 (2017)
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FIG. 4. (a) A sketch of the sample
structure for PEEM measurements. (b)
A PEEM image of the Co L; edge
showing the formation of Co disks. A
series of XMCD images taken using
PEEM, where the applied voltages
were increased from OMV/m to
0.8 MV/m in step of 0.05MV/m of (c)
and (d) Co/PMN-PT(011) and (e) and
(f) Co/Cu(4nm)/PMN-PT(011). The
applied voltage listed for each image
was held constant while PEEM images
were taken. Vortex circulation switch-
ings are clearly seen.

clockwise as the applied electric field is increased from
0.4MV/m to 0.6 MV/m [Fig. 4(e)]. On another disk [Fig.
4(f)], we observed the circulation switching from clockwise
to counter-clockwise from 0.2MV/m to 0.4MV/m, but
resume to clockwise circulation when the electric field is fur-
ther increased to 0.6 MV/m. There exist both “randomness”
and “reproducibility” in the circulation switching. The
“randomness” is reflected by the following two facts: (1)
among all disks, it is random on which disks switch and
which do not and (2) the circulation switching is different
from disk to disk, sometimes the switching occurs during the
increasing stage of the voltage and sometimes the switching
occurs during the decreasing stage of the voltage. The
“reproducibility” is reflected by the following two facts: (1)
the switched vortex is stable, i.e., retains its circulation rather
than switching back and forth with time and (2) the switching
always occurs at the 0.2-0.5 MV/m electrical field which cor-
responds to the ferroelectrical coercivity of the PMN-PT. It is
actually somewhat expected that there is no specific corre-
spondence between the electric field and the sign of the vor-
tex circulation because an out-of-plane electrical field should
not break the clockwise and counterclockwise circulations.
Nevertheless, we demonstrate clearly that an electric field
could switch the circulation of a magnetic vortex.
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The different behavior of these ferromagnetic disks
could be due to either the inhomogeneity of these disks or
more likely the presence of small sized ferroelectric domains
in PMN-PT(110). The ferroelectric domain size in PMN-PT
(011) could range from submicron to micron, which is com-
parable and smaller than the size of our Co disk.'®'® Since
the ROTMOKE measurement is performed with a He-Ne
laser, the measured uniaxial anisotropy represents the aver-
aged property over a rather large area covered by the laser
beam size (approximately 300 um of diameter). Therefore,
uniaxial anisotropy determined by ROTMOKE represents
the collective behavior of many ferroelectric domains,
whereas the strain transferred to a single ferromagnetic disk
would depend on the details of the ferroelectric domain con-
figurations below the disk. This explains why there exist dif-
ferent switching processes of the same sized Co disks.
Unfortunately, we could not image the ferroelectric domains
in experiment so have to leave it to future studies on the
microscopic relation between the Co vortex state and the
underlying ferroelectric domain when there are available
experiment techniques. From the general argument, the
nature of time-reversal symmetry of electric field should not
lead to a uniquely determined 180-degree magnetization
switching which breaks the time-reversal symmetry. This
means that the process of circulation switching should be a
dynamic process, i.e., gyrotropic motion of the vortex core
driven by time-dependent strain as described by Ostler
et al*® and by electric pulses as described by Shiota et al !
and the effect of dynamic strain reported in Foerster er al.*?
We speculate that applying the electric field across the sam-
ple is equivalent to applying a pulsed strain on the magnetic
disks. This may result in a similar circulation switching pro-
cess that has been proposed in the literature recently for
magnetic field pulses33’34 or for the core orientation switch-
ing by time-varying strain.>® Because of the randomness
involved during the ferroelectric domain switching process,
the exact profile (strength, duration, and shape) of these
strain pulses is unknown. Further theoretical and/or simula-
tion work is needed from the community to confirm this
observation. Nevertheless, the existence of the magnetic vor-
tex circulation switching by the electric field is a promising
direction towards the electric control of magnetization.

In summary, we have shown that strain induced EA
switching in the Co ferromagnetic layer from the ferroelectric
PMN-PT(011) substrate. The magnitude of the transferred
strain can be tuned by inserting copper spacers of various
thicknesses between the ferromagnetic layer and the ferroelec-
tric substrate. When the ferromagnetic layer is patterned into
nano-scale disks such that magnetic vortices are formed, non-
volatile switching of the vortex circulation can be achieved by
applying strain pulses of appropriate magnitude and/or length.
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