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in the rift zone might have been vapour at
shallow depths'?, and atgreater depthsit could
have been a supercritical fluid (a substance
thatisnotinadistinctliquid or gas phase, but
has properties of both). The high compressi-
bility of both vapours and supercritical fluids
would dampen the magnitude of pressure
changesintheauthors’ model, making failure
less probable.

How, then, can we test the hypothesis
that rainfall initiated the lower east rift zone
eruption? Unfortunately, subsurface pressure
measurements — and hydrogeological data
more generally — are rarely part of volcano
monitoring. Instead, as with many geoscience
and Earth-history questions, we have to look
back in time using the geological and histori-
cal record of eruptions. In support of their
hypothesis, Farquharson and Amelung ana-
lysed all reported eruptions at Kilauea since
1790, and showed that the volcano tends to
erupt at the wettest time of year.

Should weincrease alertlevels at volcanoes
after heavy rainfall? We could ask the same
question about other stress changes, such as
those from regional earthquakes. This is an
openquestion. These stress changes are small,
and hence, if anything, modulate the exact
timing of the surface eruption. At Kilauea,
there were other sources of stress — in fact, a
changein eruption behaviour had been antici-
pated on the basis of ground-deformation
measurements and inferred magma move-
ment. The Hawaiian Volcano Observatory
issued a warning on 17 April that a new vent
might open’.

The possibility that external processes
initiate volcanic eruptions is areminder that
volcanoes are part of adynamic Earth system.
Volcanic eruptions influence all surface envi-
ronments, including climate and weather®.
Changes in those surface environments,
such as heavy rainfall, might also influence
eruptions. We are only just beginning to
understand these interactions.
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Permanentelectric
control of spin current

Stefano Gariglio

The development of low-power methods for controlling a
property of electrons known as spin could help to maintain the
historic rates of progress that are occurring in computational
power. Just such amethod has now beenreported. See p.483

A promising technology for the next
generation of computersis spintronics, atype
of electronics that depends on the spin — the
intrinsic angular momentum — of electrons,
rather than their charge. However, available
methods for controlling spin require electric
currents thatare too large for practical appli-
cations. On page 483, Noél et al.’ report an
approach that allows low-power spin control
using an electric field.

The exponential progress in increasing
computational power over the past 50 years
has been largely driven by the relentless
miniaturization of the field-effect transistor?,
the basic component of silicon chips. This
consistent downscaling was anticipated® in
1965 by electronic engineer Gordon Moore,
and has led to the staggering 2 billion tran-
sistors that are now typically found in the
processors of modern personal computers.
The semiconductorindustry hascome up with
aroad map outlining the technological devel-
opments in computer materials, devices and
systems that will be needed to maintainthese
historic rates of increase in computational
power (https://irds.ieee.org).

Agrowingsection of theroad map addresses
a pressing problem for the field: transistors
based on currently used technology cannot
be scaled down much further, because the
physical limits of miniaturization will soon
bereached. There are no known solutions for
several of the technical and materials issues
associated with this problem. Materials sci-
entists, physicistsand engineers are therefore
investigating an array of potential new work-
ing principles for computer technology. The
development of new approaches also allows
other goals to be targeted, such as lowering
energy consumption, orincorporating multi-
ple functionalitiesinto components to speed
up data processing.

One way of reducing power consumption

© 2020 Springer Nature Limited. All rights reserved.

wouldbetoeliminatetheneedforacontinuous
power supply to maintain the logic state
(ON or OFF) of transistors. This can be
achieved using ferroic materials (such as
ferroelectric compounds, which have a per-
manent electric polarization) or piezoelectric
mechanical devices, which require power to
switch between the logic states, but not to
retain those states*. Spintronics technology
has also seen a surge of interest, because this
approach is expected to reduce electrical
dissipation® —wasteful loss of electrical power
as heat. Combinations of ferroic approaches
with spintronics® could be particularly effec-
tive in the race to develop more-efficient
computing technology.

However, many of these approaches will
require new materials — for example, the semi-
conductors used in conventional electronic
devices donot have ferroic properties. Afam-
ily of compounds known as complex oxides
are of particular interest, because they host
permanent electric and magnetic dipoles,
thereby openingthe doorto applications that
require permanent states. Although complex
oxides are not as good as semiconductors for
use in classical transistors because they pro-
duce more electrical dissipation, they have
remarkable properties for spintronics’.

Interesting electronic phases have been
observed to form at the interfaces between
two complex oxides. Noél and co-workers
focus on a phase called an electron gas: an
ultrathin (a few nanometres thick) layer of
conducting electrons that forms at the sur-
face of strontium titanate (STO) that hasbeen
covered by a layer of aluminium.

STO probably provides the bestillustration
of the complexity of the electrical properties
of transition-metal oxides. Inits pure form, it
isadielectric material (an electrical insulator)
that has atendency to become ferroelectricat
temperatures below 4 kelvin, but failsto do so
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Figure1| A ‘ferroelectric-like’ spin-orbit transistor. A type of electronics known as spintronics involves
controlling the spin (the intrinsic angular momentum) of electrons. Noél et al.' injected a spin current
(arrows in circles indicate electron spins) from a magnetic nickel-iron alloy into strontium titanate (STO).
The STO was covered by a thin layer of aluminium, which induces the formation of an electron gas (a layer
of highly mobile electrons) at the STO surface. The electrons in the gas exhibit spin-orbit coupling — their
spins couple to their momenta. This effect converts the spin current into a conventional charge current
(red circles indicate electron charges). The authors applied a voltage across the insulating STO beneath the
electron gas to change the sign of the spin-orbit coupling, and hence the direction of the charge current.
The insulating STO exhibits surprising ‘ferroelectric-like’ behaviour: it has an overall electrical polarization
whose direction (large arrow) depends on the applied voltage. The polarization remains in the absence of an
electric field; this allows permanent control of the spin-orbit coupling and thereby of the direction of the

charge current.

because of quantum fluctuations®. However,
tweaks to the chemistry of STO (such as the
replacement of some of the strontium atoms
by calcium atoms) can push the compound
over the edge to become truly ferroelectric®.
Andthereplacement of some of the strontium
atoms by lanthanum atoms increases the
number of electrons in STO through a pro-
cess known as electron doping, and turns the
material into a metallic conductor, and even
into asuperconductor',

One consequence of the electrons at the
aluminium/STO interface becoming con-
fined in a gas is that their spin is coupled to
their momentum, a phenomenon called
spin-orbit interaction'. Workers from the
same research group as Noél et al. have pre-
viously demonstrated™ such spin-momen-
tum entanglement: when they injected a
spin-polarized current (aflow of spinsthat are
oriented in one direction) into the electron
gas, they observed a conventional electric
current (a charge current) whose direction
depends on the spin orientation and on the
spin-orbit coupling. This is the result of
the spin polarization being converted into
electron motion by the spin-orbitinteraction.

Noél et al. now report surprising observa-
tions of the STO electron-gas systemthat adds
to thiscomplex behaviour. When the authors
applied anelectric field to the STO to control
spin-orbit couplinginthe gas, they observed a
hysteresis effect — the direction of the charge
current produced in the gas ‘remembers’ the

polarity of the applied electric field, even
after the field is removed (Fig. 1). Moreover,
whenthey characterized the properties of the
insulating STO beneath the gas, they observed
features commonly attributed to ferroelectric
compounds: when the polarity of the voltage
applied across the STO is reversed, a spike of
charge current is produced. Such a phenom-
enoniscommonly associated with the reversal
of electric dipoles in ferroelectric materials,
and is at the core of the definition of electri-
cal polarization in the modern theory of
ferroelectricity®.

The authors’ system has potential
applications for spintronics, because it acts
asaspindetector, analogous to optical polar-
izers that transmit light polarized only along
a particular direction. Moreover, when the
polarity of the applied voltage is inverted,
the selectivity of the spin filter changes so
thatelectrons with ‘spin up’ polarization move
right, instead of left. Crucially, this selectivity
remains in the absence of an applied voltage.
This minimizes power consumption and opens
up applications for memory storage.

Ferroelectric-like behaviour has been
observed previously in STO (see refs 14-16,
for example). However, a peculiarity of the
effect observed by Noél and colleagues is
that it occurs only when the applied electric
field exceeds a critical value. This raises con-
cerns:true ferroelectric materials don’t show
polarization only at high fields; itis anintrin-
sicstate that occurs evenin the absence of an
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external electric field. Noél and colleagues’
data indicate that something similar to a
‘relaxor’ state occurs in their system at low
temperatures, in which a fraction of the STO
consists of nanometre-scale domains that
have an electrical polarization, and move or
reorient in an applied electric field. By con-
trast, all of the material in a true ferroelectric
compound is polarized.

One can speculate that the movement of
polar walls” — boundaries that form between
two STO domains that have different crystallo-
graphic orientations™ — produces the spikes
of current observed by Noél and co-workers.
But other microscopic mechanisms might be
at play, given the richness of STO’s electronic
behaviour; point defects producedin STO dur-
ingthefabrication of the authors’ device could
alsohavearole.Researchintothe domainwalls
inSTO s currently booming, and will probably
find an explanation for the observed behav-
iour. In the meantime, the authors’ demon-
stration of a permanent switch of spin-orbit
coupling at a complex-oxide interface shows
the potential of this class of material to com-
peteintherace for more-efficient computing.
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