Localized electric field manipulates a nuclear spin
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look for ionization trails from neutrino-
induced cascades. In nature, those cas-
cades take place inside the ice. But in the
proof-of-concept experiment, the re-
searchers had to address the transition
radiation. Fortunately, that RF noise was
similar from pulse to pulse.

To extract persuasive evidence of a
cascade reflection, the researchers fil-
tered out of their data the transition ra-
diation and other noise—Askaryan RF
fields, telecommunication signals, and
reflections from concrete and metal fea-
tures in the SLAC station, shown in fig-
ure 2. They performed three types of ex-
periments: ones with both the electron
beam and radar on; ones with the radar

on but not the electron beam; and ones
with the electron beam on but not the
radar. Armed with those data, they sub-
tracted the background to resolve a real
radar signal. To constrain the analysis,
they confirmed that the signal had the
expected timing, frequency, and power
dependence.

Prohira and his colleagues next want
to repeat the experiment on a high-
altitude ice sheet in Antarctica. It’s radio
quiet there—though even the passage of
wind generates residual RF hum—and
the altitude increases the likelihood that
a cosmic-ray-induced cascade will make
it into the ice; the ionization trail will
come from that cascade. Antennas just

below the surface would transmit radar
and pick up reflected signals.

After that in-nature test the re-
searchers will turn their attention to
neutrino-induced cascades.

Mark Wilson
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Localized electric field manipulates a nuclear spin

The atom-level control
could provide the precision
required for some quantum
computing applications.

tum information processing in-

volves embedding tightly spaced ar-
rays of identical atomic nuclei in a
silicon substrate. In that design, each
nucleus’s spin serves as a quantum bit,
or qubit. The qubit’s spin, which can be
set to different states, is used to store
and process information. However, be-
fore spin-based devices can be scaled
up for practical use, quantum engineers
need to be able to control a single nu-
clear spin in silicon without affecting
adjacent spins.

In principle, NMR could do the job.
Radio-frequency (RF) magnetic field
pulses can excite and control nuclear
spins that are polarized in a static mag-
netic field. Because of the pulses’ wide
spatial extent, however, they tend to in-
fluence adjacent spins, which renders
NMR impractical for manipulating indi-
vidual spins in a collection of identical
atoms. Ideally, a method for controlling
individual nuclear spins would match
the ease of exciting individual electron
spins in a row of semiconductor quan-
tum dots, in which each dot is equipped
with a separate electrode. Adapting that
approach for nuclear spins offers a po-
tential advantage because nuclear spins

nne promising approach for quan-
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have longer coherence times than elec-
tron spins and can be measured with
minimal readout error.

Electric fields, rather than magnetic
ones, provide an intriguing possibility
for nuclear spin control. The fields can
be efficiently routed and tightly con-
fined in complex nanoscale devices. In-
deed, highly focused electric fields
make possible the sophisticated inter-
connections found in modern silicon
computer chips.

Now researchers in Andrea Morello’s

FIGURE 1. IN THIS ARTIST'S
IMPRESSION of a nuclear electric
resonance device, a sharp metallic antenna
applies a strong oscillating electric field
directly to an antimony atom (green)
embedded in a silicon chip. Other metallic
components include electrostatic gate
connections and readout electrodes.
(Image by Tony Melov/UNSW.)

lab at the University of New South Wales
in Australia have demonstrated electri-
cal control over nuclear spin.' The re-
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searchers developed a technique for con-
trolling the spin of a single atom embed-
ded in a silicon chip, illustrated in figure
1, by using an electric field produced at
the tip of a nanometer-sized electrode.

Bulk efforts

The suggestion that electric fields could
control nuclear spins dates to the 1960s.2
Nico Bloembergen predicted that an ex-
ternal electric field can induce spins
larger than ’ to transition from one en-
ergy level to another in crystals with low
symmetry. Such nuclei can have non-
spherical charge density distributions, or
quadrupole moments, which couple to
local electric field gradients. When
placed in a crystalline environment
without inversion symmetry, a time-
varying external electric field should
modulate that coupling and change the
spin state.

Bloembergen’s efforts to demon-
strate electrical control over spin saw
partial success. His studies proved that
static electric fields could shift spins be-
tween energy levels in a bulk crystal.?

FIGURE 2. A SCANNING ELECTRON MICROGRAPH shows the metal-
oxide-semiconductor device used in the experiment. An antimony donor
atom is implanted in the silicon substrate. Electrostatic gates control the
potential of the Sb atom embedded in the chip between the gates. The
device contains a single-electron transistor (SET) for spin readout and a
microwave antenna carrying an electric current that normally generates
an oscillating magnetic field for performing NMR. (Adapted from ref. 1.)

But those early experiments
could not achieve dynamic
coupling between an oscillat-
ing electric field and nuclear
spins. Although they were
“heroic experiments,” says Morello, the
investigations were unable to create the
requisite huge RF electric fields in bulk
crystals.

Only recently did experiments
cleanly demonstrate nuclear electric res-
onance (NER) in a bulk crystal. In 2013
Masaaki Ono and colleagues at Tohoku
University, Japan, excited spins in gal-
lium arsenide at their resonant fre-
quency using an oscillating electric
field.* Ono’s team proved the viability of
using NER to manipulate spins in a bulk
crystal.

Electrical accident

Coherent control over a single nuclear
spin in a silicon device remained an
unsolved problem. To investigate possi-
ble solutions for single spin control,
Morello’s PhD student Serwan Asaad and
postdoc Vincent Mourik used an antenna
to magnetically probe an antimony-123
nucleus embedded in silicon. The re-
searchers had originally set out to per-
form NMR on a single '®Sb nucleus,
which has spin 7%. They fabricated the de-
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vice, shown in figure 2, with an Sb atom
and a special antenna optimized to create
a high-frequency magnetic field to control
the nucleus. But when they applied
power to the antenna, they observed a res-
onance spectrum that was missing several
expected NMR peaks.

Asaad realized that the high power
had damaged the antenna and trans-
formed it into an open circuit. As a re-
sult, the antenna was creating a strong
electric field focused directly on the Sb
atom. Conveniently, the device also in-
cluded several tiny electrodes with
which to control the potential of the
atom. The researchers redesigned their
experiments to apply an oscillating
voltage to one of the electrodes and ob-
served the same resonance spectrum as
when applying power to the damaged
antenna. Then, they calculated the rate
at which transitions between different
energy-dependent spin states should
occur in response to either a magnetic
or an electric field (see figure 3). Com-
paring those calculations to experimen-
tal data persuaded them that the elec-
tric field was causing the Sb resonances.

Still, the result puzzled the re-
searchers. The electric quadrupole mo-
ment —the nonspherical charge distribu-
tion of the nucleus—does not couple
directly to an electric field, but to the
field’s gradient. To understand the effect,
Morello enlisted Andrew Baczewski of
Sandia National Laboratories to perform
ab initio calculations of the phenomenon.
The simulations revealed that the ap-
plied electric field distorted the charge
distributions in the bonds between the
Sb atom and the Si atoms around it. Then
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FIGURE 3. AN RF FIELD drives antimony-123
atom transitions between different nuclear
spin states at different rates, the so-called
Rabi frequency. The measured rates
(colored circles) match theoretical
predictions for transitions due to an
electric field (NER, stars) but not those

due to a magnetic field (NMR, triangles).
(Adapted from ref. 1.)
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the distortion of the charges produced a
strongly nonuniform electric field
around the Sb nucleus. That field pro-
vided the gradient that caused the nu-
clear spin transitions. The calculated ef-
fects match the experimental results.
Because electric fields decay rapidly
with distance from the electrode and can
easily be screened with other metallic
structures, NER allows control that is lo-
calized enough to manipulate individual

nuclei. The technique could help scale up
akey component in quantum computing
applications, according to Anthony Sig-
illito from Princeton University. The
level of localized control demonstrated
by Morello and coworkers could provide
the precision needed to drive one qubit
without affecting the other in a two-
qubit gate, which is the fundamental
building block of a scalable quantum
computer. The new result opens the pos-

sibility of all-electrical driving of a donor
qubit embedded in a silicon device.
Rachel Berkowitz
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Spongy hydrogels clean textured pamtmgs

Washing away the dirt from
an artistic masterpiece is
especially tricky when the
surface is not flat. New
materials can help.

ere will never be another Vincent
T\l:an Gogh, Pablo Picasso, Georgia

O’Keeffe, or Frida Kahlo. Each of the
great works of visual art that together
make up humankind’s cultural heritage
is unique and irreplaceable. Conserva-
tors at museums thus face a pair of often
contradictory tasks: Keep the artwork in
their care safe for future generations and
allow as many people as possible to
enjoy it now.

Even under the best of conditions, a
painting on display for decades accu-
mulates dirt and dust that mar its ap-
pearance and dull its colors. Although
cleaning everyday grime from ordinary
objects isn't technically challenging—
scrubbing with soap and water usually
does the trick—priceless works of art
require a gentler, more sophisticated
touch to avoid any risk of damage. Worse,
many artists, especially in recent decades,
apply paint to canvas in thick brush
strokes to create three-dimensional tex-
tured paintings, like the one in figure 1a,
with lots of nooks and crannies where
dirt can hide.

Now Piero Baglioni and colleagues at
the University of Florence in Italy have
developed a polymer hydrogel—a net-

FIGURE 1. TEXTURAL FEATURES of
contemporary paintings can be bumpy,
(a) as shown by the uncovered mock-up.
(b) Most cleaning gels, including this one
developed for restoring paper artwork,?
are unable to cover the rough surfaces
uniformly. (c) A gel of polyvinyl alcohol,
however, is soft enough to do the job.
(Images adapted from ref. 1.)

work of polymer chains bound together
into a porous, water-bearing solid —that
safely removes dirt from the roughest of
painted surfaces.! “These gels are unique
in the conservation field,” says Bronwyn
Ormsby, the principal conservation scien-
tist at Tate, a network of art museums in
the UK. “They can offer solutions to some
of our more intractable problems.”

Freeze-thaw gels

Pastes, poultices, thickeners, and ab-
sorbent materials have been used for
thousands of years to apply fluids to sur-
faces. You'd probably clean up a mess
using a wet rag or sponge rather that
dousing it with soapy water. Confining a
liquid in a solid or semisolid matrix pre-
vents it from immediately inundating
the surface and flowing away.

The use of gels for cleaning art and ar-
tifacts, which dates back to the 1980s, is
based on a similar principle. A sheet of
gel, imbued with water, surfactant solu-
tion, or other solvent, is gently placed
onto the surface to be cleaned and left
there for a minute or two. During that

time, tiny amounts of fluid seep out of the
gel and loosen the dirt particles. The gel
is then peeled away, and with it, one
hopes, comes the dirt.

Conventional gels—many of which
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