Introduction

The interaction of light and matter has underpinned some of
the most successful experimental techniques and technologi-
cal advances in the modern era. These discoveries have been
acknowledged by several Nobel Prizes, including the 2012
Physics Award to Wineland and Haroche for optical measure-
ment and manipulation of individual quantum systems. The great
progress in the study of quantum mechanics and engineering
quantum systems has relied heavily on the experimental acces-
sibility of studying the interaction between optical fields and
atoms or atom-like systems. Atoms are a natural system for this
research due to the restricted degrees of freedom afforded by such
a simple system, and optical photons are a convenient probe as
they match the typical energy scale of atomic transitions.
However, in order for applications based on atom-light inter-
actions to become widespread, they need to be compatible
with today’s highly developed large-scale fabrication processes
used in, for example, microelectronics. Working with atoms
in the gas phase has its limitations. In many cases, vacuum
systems must be employed, and scaling these systems down to
the nanoscale remains an open challenge. This has prompted
anew line of research into what are coined “artificial atoms”
in the solid state. These systems, including nonlinear supercon-
ducting circuits' and localized electrons in semiconductors,?
exhibit the quantum mechanical properties of single atoms but
are embedded in solids that can be processed using modern-day

fabrication techniques.
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Much of the motivation for exploring nitrogen-vacancy (NV) centers in diamond in the past
decade has been for their potential as a solid-state alternative to trapped ions for quantum
computing. In this area, the NV center has exceeded expectations and even shown an
unprecedented capability to perform certain quantum processing and storage operations at
room temperature. The ability to operate in ambient conditions, combined with the atom-like
magnetic Zeeman sensitivity, has also led to intensive investigation of NV centers as nanoscale
magnetometers. Thus, aside from room-temperature solid-state quantum computers, the NV
could also be used to image individual spins in biological systems, eventually leading to a
new level of understanding of biomolecular interactions in living cells.

In this issue of MRS Bulletin, we highlight progress
toward applications based on one such solid-state “artificial
atom”—the nitrogen-vacancy (NV) center in diamond. The
NV center consists of a vacancy, or missing carbon atom, in
the diamond lattice lying next to a nitrogen atom, which has
substituted for one of the carbon atoms. They can form natu-
rally during diamond growth or artificially using a variety of
implantation and annealing techniques. Many of the properties
of the NV center can be described by treating it as a system
of two unpaired electrons exhibiting trigonal C,, symmetry.?
Figure 1 shows a visualization of the NV electronic wave
function. The center’s atom-like properties include a paramag-
netic triplet ground state, which interacts strongly with both
microwave and optical fields. Further, the diamond lattice is
an ideal host for such an artificial atom, as its unique thermal
and mechanical properties, biocompatibility, and nearly nuclear
spin-free environment are highly favorable for applications in
materials and biological engineering. Later we describe how
the quantum mechanical properties of NV centers are being
exploited for applications in quantum information science and
electromagnetic sensing.

Quantum mechanical coherence and its
applications

One of the key concepts in quantum mechanics is that a par-
ticle can simultaneously exist in an arbitrary superposition
of discrete quantum states. For example, suppose the atom
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Figure 1. Visualization of the nitrogen-vacancy (NV) electronic
wave function (iso-probabilistic spin-density surface). The spin
density is highly localized on the three carbon atoms near the
vacancy (cyan balls), while it is nearly negligible on the nitrogen
atom and completely vanishes just a few lattice sites away.
Figure courtesy of A. Gali, using ab initio techniques described
in Reference 29.

is in a state described by the wave function y = a|0) + b|1),
where |0) and |1) refer to discrete energy levels (eigenstates)
of the atomic system. Such a two-level system is referred to
as a qubit—a quantum analog of a classical Boolean bit. The
complex coefficients @ and b hold an enormous amount of
information, as they can vary continuously, constrained only
by the normalization convention a® + b* = 1. If the qubit is
entangled with other qubits, then any individual qubit can no
longer be described by the simple expression for y; in this case,
the number of degrees of freedom the system exhibits grows
exponentially with the number of qubits. If these degrees of
freedom can be manipulated by quantum engineers, then they
can be used to process information using far fewer resources
than with ordinary classical bits.* This concept is the foundation
of quantum information science.

Furthermore, a and b change in a predictable manner in the
presence of tiny perturbations in the energies of |0) and |1).
Consequently, the atoms serve as sensitive probes of external
perturbations of the atomic states. If quantum metrologists can
prepare and measure the coefficients, then these coefficients
can be used to study variations in, for example, the local elec-
tromagnetic environment.

Information can only be stored and extracted with adequate
fidelity if the atomic wave function remains coherent—Iloosely
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defined here as the coefficients @ and b changing in a contin-
uous, time-reversible manner. Maintaining coherence over
a long time scale is essential in quantum metrology because
noise is generated by the measurement process itself—a con-
sequence of Heisenberg’s uncertainty principle. The highest
precision is obtained by letting the coefficients evolve coher-
ently under the influence of the external field for as long as the
coherence time permits and performing a single measurement
rather than averaging many repeated measurements over the
same time interval.

Maintaining coherence for a longer time requires that the
atom be isolated from uncontrolled perturbations, such as elec-
tromagnetic noise, which destroy atomic coherence and escape
detection. Coherence can also be destroyed merely by vacuum
fluctuations through a process known as spontaneous emission,
so appropriate metastable or ground states for [0) and |1) must
be selected. Suitable states include those connected by weak
electronic transitions or ground-state spin transitions.

History of the diamond NV center

In recent years, it has come to light that the ground-state spin
levels of the NV center satisfy all of the previously mentioned
criteria even at room temperature. These spin states provide
convenient qubits that can easily be manipulated with either
magnetic or optical interactions. Optical readout of the NV electron
spin is also possible, which places the NV into a special cate-
gory of condensed matter systems exhibiting optically detected
magnetic resonance (ODMR). Such systems are of great interest
because they exhibit detectable magnetic resonance signals at
much lower concentrations than is possible using a conventional
electron spin resonance induction coil.

The optical and spin properties of the NV center were first
discovered 35 years ago,>® though the observation of ODMR
did not occur until 10 years later.”® Soon after the advent of
single molecule spectroscopy®!” in condensed matter (ca. 1993),
ODMR on single NV centers was observed.!" This single NV
ODMR study was done at room temperature. The ability to see a
single NV soon led to its investigation as a potential alternative
to trapped ions for quantum information applications (see the
Childress and Hanson, Toyli et al., and Wrachtrup et al. articles
in this issue) and eventually for precision magnetometry (see
the Hong et al. and Hall et al. articles in this issue). Although
it was not known in advance, the NV was eventually shown
to have a nearly ideal excited-state level structure for this
application, at least at cryogenic temperatures up to 10 K.'>13
The energy levels and associated optical transitions at low
temperature are illustrated in Figure 2. Furthermore, working
with a solid-state host has also afforded the scalable fabrica-
tion of diamond optical networks, enabling efficient coupling
of NV spins and optical photons (see the article by Loncar
and Faraon).

With advances in material purity, it was discovered that
the NV electron spin coherence lifetime 7, could be extended
into the millisecond range. This was accomplished by remov-
ing nuclear and electronic spins, which act as sources of
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Figure 2. Energy level diagram of the nitrogen-vacancy (NV)
center at low temperature. Two spin sublevels in the ground
state form the qubit basis |m, = 0) and one of the |m, = +1)
levels. The excited state consists of two orbital levels (E, and E,),
which split under the presence of strain or electric field, and
three spin sublevels within each orbital. Optical transitions
(~637 nm) to excited sublevels with m, = 0 spin projections
do not alter the spin state (except in special cases) and
consequently can be used to read out the qubit state. For
certain values of strain, the levels in the lower branch
become nearly degenerate. In this case, spin projection is
not conserved, and Raman transitions are possible.'> Raman
transitions also occur near zero strain in the upper branch.
See the Toyli et al., Wrachtrup et al., and Childress and
Hanson articles for more details.

decoherence, using low-defect-density, isotopically enriched '>C
diamond. A long 7,, while routine for nuclear spins, was
unprecedented for an electron spin system at room tem-
perature, as electron spins are ~1000 times more sensitive
to magnetic perturbations than nuclear spins. Combining
millisecond coherence lifetime with the rapid spin excita-
tion rates (~1 GHz) that can be achieved using microwave
microstructures' gives up to 1 million single qubit opera-
tions per coherence time. This compares favorably with other
quantum-computing systems, such as trapped ions, espe-
cially taking into account the much longer NV electron spin
lifetimes available at moderately low temperature.'* Even at
room temperature, exceptionally long spin coherence times
(>1 s) can be achieved by storing the NV information in
nearby nuclear spins, as recently demonstrated.'® The long
coherence time has also motivated the use

could combine the best of both worlds: the highly controllable
superconducting qubits could serve as fast quantum processors,
while the long-lived, optically active spin qubits could serve
as quantum memory as well as transducers to upconvert
microwave photons to the optical domain. While other electron
spin systems'® can also accomplish this task, the NV is of spe-
cial interest, partly because of its exceptionally long storage
time—several orders of magnitude longer than the lifetime of
typical superconducting qubits—and partly because single NVs
can be addressed and probed optically. This latter capability
opens the possibility of eventually coupling single NV centers
with individual superconducting qubits. However, thus far,
ensembles of NVs have been required to overcome the rela-
tively weak magnetic-dipole coupling via the VN enhancement
of coupling strength for an ensemble of size N. It has been
shown that a superconducting qubit can read out the state of a
NV ensemble with high fidelity."”

The NV has also shown recent promise in the context of
nanomechanical resonators.?’ Here the motion of a single NV
in an external magnetic field gradient can be used to measure
the position of a macroscopic mechanical oscillator with much
higher precision than is possible by optical means alone.?! The
significance of using a single NV for this purpose is that quan-
tum mechanical interactions between a spin qubit and a macro-
mechanical qubit could eventually be used to construct a hybrid
quantum processor. Compared to a superconducting qubit, a
mechanical oscillator may have the potential to work without
cryogenics via optical cooling as in trapped ion methods. In fact,
recent results show that the NV center can measure Brownian
motion of a room temperature cantilever.?? Unlike trapped ions,
the relatively large mass of a mechanical resonator makes it
more sensitive to the environment and therefore opens potential
new sensor applications.

Ultrasensitive diamond magnetometers

Aside from coupling to superconducting qubits, ensembles of
NVs have also been explored for magnetic-sensor applications.
So far, these investigations have fit into two main classes. One
is the use of 2D NV ensembles where the NVs are confined
to a thin layer, from a few nanometers up to a few microns,
usually near the diamond surface. Here, biological, electronic

of NV centers in precision magnetometry; a

timeline of critical developments is depicted
in Figure 3.

Hybrid devices: Coupling NVs to
novel solid-state quantum systems
The strong optical coupling afforded by the NV
center makes it of great interest as a poten-
tial interface between photons and other solid-
state quantum computers. One example is the
use of ensembles of NV centers to store the
coherence created in a superconducting qubit
via microwave photons.'” Such a hybrid system
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Figure 3. Timeline of critical developments leading to the use of nitrogen-vacancy (NV)
centers in ultrasensitive magnetometry. ODMR, optically detected magnetic resonance.
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circuit, and superconducting phase transition studies have been
performed (see the articles by Hong et al. and Hall et al.).

The use of three-dimensional ensembles of NVs for mag-
netic sensing applications has also been investigated.” Here,
there is strong competition with atomic vapor magnetometers,
especially in light of recently developed super coatings for
the glass cells housing the vapor that give minute-long coher-
ence times.”* However, vapor-cell magnetometers are typi-
cally limited by decoherence due to interatomic collisions,?
which become problematic for smaller cell sizes. On the other
hand, NV ensembles require substantial light intensity for
optical polarization, which translates into the need for high
optical power as the ensemble size increases. This suggests
a crossover sensor dimension of ~100 um, below which NV
ensembles appear favorable. Additionally, the NV centers
are encased in an inert diamond host and hence can operate
over a very wide temperature range and in extremely harsh
environments.

A remaining challenge is in efficient probing of the NV
spin. The Faraday rotation employed in atomic vapor-cell
sensors is negligible for NV centers at room temperature, but
recent advances in diamond collection optics have enabled
high fluorescence collection efficiency (see the Hong et al.
article). Another route, enabled by an improved understanding
of the NV energy-level structure,??’ is in the use of infrared-
absorption probes, which now make diamond magnetometry
at the picotesla scale feasible.”®

Summary

In just a short time, the diamond nitrogen-vacancy (NV)
center has become one of the most widely studied solid-state
defects, in large part due to its impressive performance at
room temperature. This has led to rapid progress in realizing
many of its envisioned applications, especially in quantum
information and nanoscale biomagnetic sensing, as described
throughout this issue. Hence the future looks especially
bright for NV diamond, but there are still a few remaining
challenges that require materials science solutions. These
include the fabrication of pure, single-crystal, large-area dia-
mond wafers and thin diamond films, and the reliable doping
of high-quality NV centers very near the diamond surface.
Looking forward, it may be possible to further improve the
NV performance through a better understanding of its energy
level structure, or to engineer a new super magneto-optical
color center in another material. To this end, paramagnetic
color centers in SiC have recently been demonstrated at
room temperature (see the Toyli et al. article in this issue).
Ultimately, the quest for the perfect solid-state artificial atom
will benefit from a global collaboration among scientists
from a variety of materials-related fields.
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