MATERIALS SCIENCES

\"F ADVANCED LIGHT SOURCE

New Multiferroic Material for

Ultralow-Power Electronics
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Scientists engineered a new magnetic ferroelectric at the atomic scale. A false-colored electron

microscopy image shows alternating lutetium (yellow) and iron (blue) atomic planes. An extra plane

of iron atoms was inserted every ten repeats, substantially changing the magnetic properties.

(Credit: Emily Ryan and Megan Holtz/Cornell)

Materials that exhibit coupled ferro-
electric and magnetic ordering are attrac-
tive candidates for use in future memory
devices, but such materials are rare and
typically exhibit their desirable properties
only at low temperatures. Recently, scien-
tists working at the ALS successfully
paired ferroelectric and ferrimagnetic
materials so that their alignment can be
controlled with a small electric field at near
room temperature. This achievement is a
major step in the development of ultralow-
power microprocessors, storage devices,
and next-generation electronics.

Researchers from Berkeley Lab and
Cornell University engineered thin, atomi-
cally precise films of hexagonal lutetium
iron oxide (LuFeQ,), a material known to
be a robust ferroelectric, but not strongly

magnetic. Lutetium iron oxide consists of
alternating single monolayers of lutetium
oxide and single monolayers of iron oxide.
It differs from LuFe,O,, a strong ferrimag-
netic oxide that consists of alternating
monolayers of lutetium oxide with double
monolayers of iron oxide.

The researchers found that by care-
fully adding one extra monolayer of iron
oxide to every 10 atomic repeats of the
single-single monolayer pattern, they
could dramatically change the material’s
properties and produce a strongly
ferrimagnetic layer near room tempera-
ture. This extra monolayer of iron oxide
makes one LuFe,O, formula unit for every
nine LuFeO, formula units. They then
tested the new material to show that the
ferrimagnetic atoms followed the

Meeting the Future’s
Energy Consumption

Researchers have increasingly sought
alternatives to semiconductor-based
electronics over the past decade as
the increases in speed and density of
microprocessors come at the expense
of greater demands on electricity and
hotter circuits.

About five percent of our total global
energy consumption is spent on
electronics; as such, it’s the fast-
est-growing consumer of energy
worldwide. The world’s energy
consumed by microelectronics is
projected to be 40-50 percent by
2030 if we continue at the current
pace and if there are no major
advances in the field that lead to lower
energy consumption.

A major path to reducing energy
consumption involves ferroic materi-
als. Key advantages of ferroelectrics
include their reversible polarization in
response to low-power electric fields
and their ability to hold their polarized
state without the need for continuous
power. Common examples of ferro-
electric materials include transit cards
and, more recently, memory chips.
Developing materials that can work at
room temperature makes them viable
candidates for today’s electronics.

alignment of their ferroelectric neighbors
when switched by an electric field. The
experiments were conducted at tempera-
tures up to 700 kelvins (800 degrees Fahr-
enheit), which is much higher than other
such multiferroics that typically work at
much lower temperatures.

Ferromagnets and ferrimagnets have
similar features, responding to magnetic



fields, and are used in hard drives and
sensors. Pairing ferroelectric and
ferrimagnetic materials into one multifer-
roic film would capture the advantages of
both systems, enabling a wider range of
memory applications with minimal power
requirements. It is challenging, though,
because the forces needed to align one
type of material fail to work for the other.
Polarizing the ferroelectric material would
have no effect on the ferrimagnetic one.

The ultra-precise technique that the
researchers used to create this layered
stack of oxides allowed them to design and
assemble the two different materials atom
by atom, layer after layer. They intention-
ally seated a lutetium iron oxide with alter-
nating iron oxide double layers (LuFe,O,)
next to lutetium iron oxide with alternating
iron oxide single layers (LuFeQ,), and that
positioning made all the difference in
nudging the ferrimagnetic atoms to move
in conjunction with the ferroelectric ones.

To show that this coupling was working
at the atomic level, the researchers tested
the multiferroic film at ALS Beamlines
11.0.1 and 4.0.2. Using a 5-volt probe from
an atomic-force microscope to switch the
polarization of the ferroelectric material
up and down, researchers created a
geometric pattern of concentric squares.
They then showed using photoemission
electron microscopy (PEEM) that the
ferrimagnetic regions within the layered
sample displayed the same pattern, even
though no magnetic field was used. The
direction was controlled by the electric
field generated by the probe. To confirm
that the ferroelectric order persists signifi-
cantly above ambient temperature, the
researchers used polarization to demon-
strate order up to ~700 K.

The unique capability of soft x-rays
provided by ALS to probe magnetism as
well as ferroelectricity was crucial to
determine the novel characteristics of the
engineered multiferroic. The researchers

Electric Poling

Magnetic Red-ut

The researchers used electric fields to create concentric boxes of “up” and “down” ferroelectric
polarization (shown left in red and turquoise) in the lutetium ferrite film. They then used photo-
emission electron microscopy at the ALS to read out the magnetic structure from this region, demon-
strating that the magnetism directly tracks the ferroelectric structure even though no magnetic
fields were applied. The scale bar is 5 microns. (Credit: James Clarkson, Alan Farhan, and Andreas
Scholl/Berkeley Lab)

now plan to explore strategies for lowering
the voltage threshold for influencing the
direction of polarization. They also plan to

utilize their understanding of the inner
workings of this new material to realize
even higher-temperature manifestations.
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