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Electrical Switching of
Magnetic Vortex Circulation
Toward a
Universal Memory

Schematic of the sample structure for PEEM experiments that reveal electrical switching of the
magnetic vortex circulation in cobalt (Co) disks.

Magnetic memory technology involves
the reading and writing of magnetic binary
states. Although the difficulties involved
in reading small-sized magnetic bits have
been successfully overcome, the writing
aspect (i.e., the controlled flipping of
magnetic binary states) still poses a challenge. At the ALS, photoemission electron
microscopy (PEEM) experiments have
demonstrated that the circulation of a
magnetic vortex—a promising form of
magnetic binary state—can be made to
switch directions through the application
of an electric field. The discovery opens
the door to digital devices with more
streamlined system designs, improved
performance, and greater energy
efficiency.
If a thin magnetic film is constrained in
size and shape to a disk about a micrometer in diameter, its magnetization vectors
will form a spiral, or “vortex,” with either a
clockwise or counterclockwise circulation.
The binary nature of these magnetic
vortex states makes them a possible

mechanism for a type of magnetic memory
that would be fast, compact, and nonvolatile. It would be able to handle the full
range of tasks performed in modern digital
devices, potentially replacing several types
of memory technologies with one
“universal” memory.
Many previous studies have demonstrated the controlled switching of vortex
circulation by various magnetic means,
including the introduction of an asymmetry in the disk shape, an asymmetrically
applied magnetic field, nanosecond
magnetic field pulses, and exchange bias.
On the other hand, there have been few
reports, either theoretical or experimental, of the controlled switching of
vortex states by an electrical field, a
process that dissipates less energy as
heat and would therefore be more
energy efficient.
A promising electric-field-based
approach involves inducing strain in the
crystal structure of a ferromagnetic film
through contact with a piezoelectric

In a wish list for mobile devices, most
people would include things like more
storage capacity, longer battery life,
and faster performance. These
features all hinge in some way on
the performance characteristics of
different types of memory—the
storage of “ones” and “zeroes”
ultimately embodied by two reversible
physical states, such as the presence
or absence of an electrical charge in a
circuit or the direction of the magnetization in a magnetic material.
Unfortunately, there is (so far) no
single memory technology that, by
itself, can satisfy all the demands of
consumers. So, device engineers
divide and conquer, deploying
different memory systems for various
functions: temporary cache memory
is fast (but expensive and not very
compact); main memory is less
expensive and compact (but power
thirsty); and long-term data storage
is compact and energy efficient (but
slow). Clearly, the development of
a “universal” form of memory would
be a major advance, eliminating the
complexity and inefficiency of
incorporating multiple forms of
memory into a single device. In this
work, Li et al. report their observations on one promising candidate.

substrate (i.e., one that changes shape in
an electric field). The strain transmitted
from the substrate would stretch or
contract the film’s crystal lattice, affecting
its easy-magnetization axis (the energetically favorable direction for spontaneous
magnetization), leading in turn to the
flipping of any vortex states present. To
explore this phenomenon, the researchers

fabricated thin, ferromagnetic cobalt (Co)
disks, 1.5 µm in diameter, on a piezoelectric substrate of lead magnesium niobate–
lead titanate (PMN-PT).
At the ALS, the researchers conducted
magnetic spectroscopy experiments at
Beamline 6.3.1, where a 2.0 T magnet
made it possible to measure magnetic
hysteresis loops and to saturate the disks’
vortex cores in one direction. PEEM
images of the samples were then obtained
at Beamline 11.0.1, where circularly
polarized x-rays at the Co L3,2 edges were
used to distinguish the different absorption intensities for magnetization parallel
and antiparallel to the x-ray beam (a
contrast mechanism known as x-ray
magnetic circular dichroism, or XMCD).
Because PEEM measurements require
the sample to be at high voltage, the
researchers included a copper (Cu) spacer
layer between the Co disks and the
PMN-PT substrate, with a thinner Cu cap
on top to allow electrons to escape for
the PEEM measurements. A series of
images were taken with an applied
voltage increasing from 0 to 0.8 MV/m
in steps of 0.05 MV/m.
The researchers observed that the
vortex circulation switched at electrical
fields between 0.2 and 0.5 MV/m, corresponding to the PMN-PT’s ferroelectrical
coercivity (the electrical field necessary
to change the direction of the electric
polarization, equivalent to the magnetic

PEEM images of Co vortex states taken with increasing electrical field. dCu = Cu spacer thickness.
(a-b) Images taken with no Cu spacer layer. (c-d) Images taken with a 4-nm Cu spacer layer. Red
arrows indicate the circulation direction. The better XMCD contrast in (c-d) is due to the presence
of the Cu spacer layer, which allows a thinner Cu capping layer, permitting more electrons to escape.

field necessary to change the magnetization direction of magnetic materials). The
results clearly demonstrate that the electrical switching of the magnetic vortex
circulation in the Co disks is the result of
strain-induced changes transmitted from
the substrate. Furthermore, the magnitude of the transferred strain can be

tuned by inserting Cu spacers of various
thicknesses between the Co layer and the
substrate. In future experiments, the
researchers plan to apply electrical pulses
with controlled amplitude, duration, and
shape to reveal the relationship between
vortex circulation switching and timevarying strain.
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