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and largely free of the pits and voids that
had seeded instabilities and ruined im-
plosions in earlier experiments. 

With diamond’s density triple that of
plastic, the capsule became a better ab-
sorber of x rays and thus a more efficient
compressor. Its shell was also thinner,
which meant researchers could use a
shorter laser  pulse— down to 8 ns from
20  ns— to compress the capsule. That too
sped the implosion.

Energy exchange
The new capsule design didn’t entirely
prevent the interception of the laser beams
by an expanding plasma. To restore the
uniformity of laser heating, the team
tested two additional design tactics. One
of them, an already  well- established
technique known as  cross- beam energy
transfer, was to shift the wavelength of
the inner laser beams by just 1.5 Å rela-
tive to the outer ones. As the beams cross
each other on entering the hohlraum,
they scatter through an effective diffrac-
tion grating set up by  laser– plasma inter-
actions. The scattering transfers energy

from the outer beams to the inner beams.
And that transfer, in turn, delivers more
heat to the hohlraum’s waist and equal-
izes the  x- ray flux on the capsule. 

The second tactic was to add two
pockets in the hohlraum near its poles.
Those pockets provide space into which
plasma may expand and thus delay the
extent to which it occludes the inner
beams. They were found to be insuffi-
cient for controlling the radiation sym-
metry. But they did reduce the wave-
length shift needed to maintain that
symmetry around the capsule. 

Even if ignition is right around the
corner, Hurricane cautions that convert-
ing the NIF experiment or any other fu-
sion project into a clean, sustainable com-
mercial energy source is a long way off.
Still, “the House Science Committee
seems keen on soon launching a federal
 fusion- based energy program,” says
Steven Cowley, director of the Princeton
Plasma Physics Laboratory. The  House-
 passed version of the Build Back Better
bill includes $140 million over five years
for the Department of Energy to carry out

an inertial fusion R&D program. But the
bill stalled in the Senate, where it doesn’t
have the votes required for passage. 

Existing nuclear power plants use
fission, the release of energy when ura-
nium or other heavy elements are broken
up into smaller nuclei. They also produce
radioactive waste. Fusion, by contrast,
produces only  short- lived radioactivity
induced in reactor components by the re-
actions’ intense  high- energy neutron
flux. It’s also safer because the reactions
can be switched off by simply reducing
the temperature. 

As for what fusion  approach— an up-
graded and modified NIF reactor, toka-
mak, or some other  system—  eventually
receives support, the jury is out. Cowley
says, “When the time comes for a deci-
sion, it will be hard to choose.”

R. Mark Wilson
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The study of surface chemistry has al-
ways involved a bit of a paradox.
Chemical processes at solid–liquid

and solid–gas interfaces are ubiquitous
in batteries, industrial reactors, bio   -
medical devices, and many other sys-
tems. But despite some research at mod-
erate pressures (see the article by Gabor
Somorjai and Jeong Young Park, PHYSICS
TODAY, October 2007, page 48), most
surface-science research tools, such as
x-ray photoelectron spectroscopy and
secondary-ion mass spectroscopy, work
only under ultrahigh vacuum. Not only
do they require bulky and expensive
pumps and vacuum chambers, but they
can’t even access the conditions of great-
est chemical and biological interest.

NMR spectroscopy is a time-honored
tool for chemical analysis that works on
bulk liquids, solids, and solid-like bio-
molecular systems. By measuring the
precession frequency of spin-1⁄2 nuclei—

for example, hydrogen-1, carbon-13, or
fluorine-19—in a magnetic field, re-
searchers can extract exquisite chemical
information and even reaction dynamics.
(See, for example, PHYSICS TODAY, Octo-

ber 2019, page 21.) But because a two-
 dimensional surface contains fewer mol-
ecules than the three-dimensional bulk,
conventional NMR isn’t usually sensitive
enough to study surface chemistry.

Few other techniques can
track adsorbed molecules 
in real time under ambient
conditions.

Diamond-defect NMR monitors a surface reaction

FIGURE 1. NO VACUUM CHAMBERS are needed to study surface chemistry using
 diamond NV-center NMR. Here, Kristina Liu of the Technical University of Munich
 operates the relatively simple experiment, which uses green light from an inexpensive
solid-state laser to read the NV centers’ spin states. The 2-mm-square diamond, not
 visible in the main image, is shown in the inset. (Photos by Andreas Heddergott,
 Technical University of Munich.)
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An NMR measurement can be made
vastly more sensitive by swapping the
induction coils of a conventional appara-
tus for nitrogen–vacancy (NV) centers, a
type of point defect in diamond that’s
sensitive to magnetic fields. NV-center
NMR has been under development for
more than a decade, and although it has-
n’t yet emerged as a laboratory mainstay,
researchers have collected rudimentary
spectra from samples a millionth the size
of those needed for conventional NMR.

Now Kristina Liu, her PhD adviser
Dominik Bucher, and their colleagues at
the Technical University of Munich have
demonstrated surface-sensitive NV-
 center NMR.1 Their experimental setup,
shown in figure 1, is extremely simple by
surface-science standards. It requires no
ultrahigh vacuum, complicated optics,
or sophisticated laser systems. Neverthe-
less, it can detect molecules on a surface
and even monitor a simple surface reac-
tion in real time.

In related research, Peter Maurer
(University of Chicago), Nathalie de
Leon (Princeton University), and col-
leagues are working toward using NV
centers to detect and study single pro-
teins and other biomolecules.2 They
haven’t yet reached the stage of making
NMR mea surements themselves, but

they’ve shown that with state-of-the-art
biophysical techniques, they can tether
biomolecules to NV-laden diamond with-
out ruining either the biomolecular struc-
ture or the NV-center coherence. Com-
bining their work with that of Bucher
and colleagues could bring NV-center
NMR into the realm of single-molecule
biophysics.

Minuscule magnetometers
An NV center, as the name suggests, con-
sists of a nitrogen atom and a vacancy at
two adjacent sites in the diamond crys-
tal lattice. The unpaired electrons bor-
dering the vacancy form a spin-1 atom-
like entity. Because the NV center is
surrounded by an otherwise spinless sea
of carbon, its spin is well shielded from
its environment, and its quantum state
retains its coherence as well as that of a
trapped atom under vacuum. Moreover,
NV-center spin states can be easily ma-
nipulated with microwave pulses and
optically read with an inexpensive solid-
state laser. The defects have been ex-
plored for applications in both quantum
information and sensing. (See the article
by Lilian Childress, Ronald Walsworth,
and Mikhail Lukin, PHYSICS TODAY, Oc-
tober 2014, page 38.)

Under the combined influence of a

static magnetic field and a series of RF
pulses, spin-1⁄2 nuclei in a sample precess,
and the oscillating magnetic fields they
generate affect the spin-state evolution
of an NV center a few nanometers away.
With a suitably chosen measurement on
the NV center, researchers can identify
the precession frequency, which gives
them information about the precessing
atom’s chemical identity and environ-
ment. That’s the basis for NV-center NMR.

In the first proof-of-principle experi-
ments, researchers used NV centers to de-
tect NMR signals from nearby 13C atoms
in the diamond itself. Probing anything
other than the inside of a diamond re-
quires a careful balancing act: An NV
center just below a diamond surface can
pick up an NMR signal from a molecule
just outside the diamond, but it may no
longer fully benefit from the protective
shielding of the carbon lattice.

The nature of the diamond surface, it
turns out, matters a lot. When the dan-
gling bonds at the edge of the lattice are
capped with oxygen atoms, nearby NV
centers retain their spin coherence, but
when the surface is capped with hydro-
gen atoms, they don’t. Moreover, surface
chemists are mostly interested in the
chemistry of surfaces other than dia-
mond: To use NV-center NMR for sur-
face chemistry, it’s necessary to find a
way to put an NV center in diamond in
close enough proximity to the surface of
some other solid—all without destroy-
ing the defects’ delicate spin states.

Bucher and colleagues and the Mau-
rer–de Leon collaboration both identi-
fied the same solution: coating the dia-
mond surface with a nanometer or two
of aluminum oxide. The coating is easily
done with atomic layer deposition
(ALD)—although as Bucher points out,
the experimental capabilities for ALD
and NV-center NMR aren’t always pres-
ent in the same lab. The diamonds, al-
though synthetic, are expensive and in
short supply (see PHYSICS TODAY, March
2022, page 22). Shuttling them back and
forth between the materials science and
quantum sensing labs added some logis-
tical challenges to the work.

Both teams found that the ALD coat-
ing reduced the NV centers’ coherence
time, but only a little, and the defects were
still capable of a sensitive NMR readout.
And because Al2O3 is commonly used as
a support material in surface-science ex-
periments, Bucher anticipates that it
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FIGURE 2. (a) A DIAMOND CHIP (green) coated with a thin film of aluminum oxide
(pale gray) forms the basis for NV-center surface NMR. NV centers aligned with the
magnetic field (red) are sensitive to the adsorbed molecules (orange) in the detection
volumes (blue) on the surface just above them. (b) Real-time NMR data follow the
 formation of a self-assembled monolayer of fluorinated molecules on the Al2O3 surface.
The growing fluorine-19 peak indicates the molecules’ increasing surface coverage; the
relatively constant hydrogen-1 peak comes from 1H atoms from an unconstrained
source, probably in the diamond itself. (Adapted from ref. 1.)
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would be easy to coat with a second layer
of yet another material to study the chem-
istry of almost any surface.

Surface sensitivity
A schematic of the diamond sensors is
shown in figure 2a. NV centers (red and
dark gray) are implanted in the top sev-
eral nanometers of a diamond, which is
then coated with Al2O3. The defects can
be oriented in a few different directions,
depending on the relative positions of
the N atom and the vacancy in the dia-
mond lattice; only those NV centers par-
allel to the applied magnetic field yield
NMR signals. Each one is sensitive to a
detection volume above it and can pick
up signals from any adsorbed molecules
contained therein.

For their work on biomolecules, Mau-
rer and de Leon were interested not in
studying the chemistry of the protein–
surface interaction but in exploiting it to
hold the proteins in place long enough to
study them with NV-center NMR. In a
bulk solution, proteins diffuse around ran-
domly, and they spend little time in the
NV centers’ detection volumes. A previ-
ous experiment on detecting single pro-
teins with NV-center NMR immobilized
the proteins by drying them onto the sur-
face.3 “That showed that the sensitivity
is there,” says Maurer, “but the proteins
were completely denatured, and their
structure was destroyed. The next step is
to do the same thing on an intact protein.”

Fortunately, biophysicists have devel-
oped a suite of chemical tools, drawing
on a concept called click chemistry, for
catching and holding biomolecules. A
click reaction involves a pair of chemical
groups that quickly “click,” or bind to-
gether, whenever they’re in close prox-
imity. By placing one group on a bio -
molecule of interest and the other on a
substrate, researchers can reliably join
the biomolecule to the substrate.

Maurer, de Leon, and colleagues
showed that they could attach half of a
click-chemistry pair to an Al2O3-coated
NV-laden diamond and use it to immo-

bilize biomolecules on the surface. Using
optical fluorescence, they showed that
the surface-bound biomolecules retained
their structure for several days—a prom-
ising step toward studying the molecules
with NV-center NMR.

Bucher and colleagues, for their proof-
of-principle surface-chemistry experi-
ments, used fluorine-rich molecules and
focused on detecting their 19F signals,
rather than the 1H (proton) signals more
typical of conventional NMR. “We’re
avoiding studying protons for now,”
says Bucher, “because protons are every-
where—even in the diamond—and it’s
not well controlled where the signal is
coming from.”

For example, when the researchers
monitored the formation of a self-
 assembled monolayer on the Al2O3 sur-
face, they saw a relatively unchanging 1H
peak, as shown in figure 2b, from the H
atoms on and in the diamond. But the
signal of interest was the 19F peak, which
steadily grew as more of the fluorinated
molecules condensed out of solution and
bound to the solid surface.

Regaining resolution
Collection of real-time data under chem-
ically relevant conditions is a step for-
ward for NV-center NMR, but Bucher and
colleagues’ spectral resolution is in a sense
a step backward. In conventional NMR
(and even some previous NV-center NMR
experiments; see PHYSICS TODAY, May
2018, page 21), there’s not just one peak
per element. Rather, a series of fine spec-
tral lines reveals differences in the atoms’
chemical environments—for example,
an atom that’s bound to a benzene ring
has a slightly different nuclear preces-
sion frequency than an atom of the same
element that’s not. 

Those differences, called chemical
shifts, convey highly detailed information
about chemical structure, but they’re un-
resolved in the new work. Says Bucher, “I
know chemists are going to look at this and
ask, ‘Where’s my chemical information?’”

Such poor resolution is a known issue

for NMR on a solid or solid-like system.
In an isotropic medium, such as a liquid,
molecules tumble around rapidly, and
the effect of their orientation with respect
to the applied magnetic field is averaged
out. But in an anisotropic environment,
such as a solid or interface, molecular ori-
entations are frozen in place, and the slight
differences in precession frequency from
molecule to molecule smear out the spec-
tral lines into an unresolved blob.

There are ways of regaining the reso-
lution in solid-state NMR. For example,
spinning the sample at a so-called magic
angle with respect to the magnetic field
re-creates some of the effect of isotropic
liquid tumbling. (See the article by Clare
Grey and Robert Tycko, PHYSICS TODAY,
September 2009, page 44.) But their im-
plementation in NV-center surface NMR
would greatly complicate the otherwise
simple and inexpensive experiment.

Instead, Bucher seeks to look beyond
spin-1⁄2 nuclei to quadrupolar isotopes
with spin 1 or greater. In nuclear quadru-
pole resonance, or NQR, the precession
frequencies are primarily determined
not by interaction with an external field
but by the electric field gradient pro-
duced by the surrounding atoms. That is,
molecular orientation with respect to the
field doesn’t matter as much, and an ap-
plied field may not even be necessary.
(See the article by Micah Ledbetter and
Dmitry Budker, PHYSICS TODAY, April
2013, page 44.)

NV-center NQR, therefore, could con-
vey detailed chemical information about
a surface without the technical challenges
of solid-state NMR. “These are very new
ideas,” says Bucher, “but I think that is
the future of this technology.”

Johanna Miller
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