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Researchers have boosted the sensitivity of laser-based diamond magnetometers by using an optical
cavity to enhance spin-photon coupling.
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Magnetic field measurements are crucial for many ap-
plications, including data storage, information process-
ing, and magnetic resonance. One of the most precise
tools for assessing magnetic field strength is detection of
the energy shifts of atomic systems having spin. Such
measurements can be particularly sensitive when the
magnetic response of the spins is measured optically [1].
In a paper in Physical Review Letters, researchers in the
group of Dmitry Budker at the University of California,
Berkeley, and colleagues report a magnetometer based
on the spin state of a diamond defect called a nitrogen-
vacancy (NV) center, which exhibits unprecedented sen-
sitivity at room temperature [2]. This opens up possibili-
ties for applications such as high-precision field measure-
ments, novel nuclear magnetic resonance (NMR) sensors,
measurements of fundamental physics constants, and de-
tection of fields associated with biological processes like
propagation of signals in the brain.

The original idea behind optical detection (proposed
many decades ago by Kastler [3]) is to use energy-level
transitions that are accessible from the ground state in
paramagnetic atoms and are coupled to optical transi-
tions. In this case, optical fields can be used to po-
larize the sensing atoms (via optical pumping) and for
detection (via change in the absorption or fluorescence
signal induced by spin resonance). Since very sensitive
photon detectors are available, such an optical detection
approach provides up to 9 orders of magnitude enhance-
ment of sensitivity (reaching the ultimate limit of single-
spin detection) when compared to direct detection of spin
states using inductive coils [like in NMR or electron para-
magnetic resonance (EPR) for instance].

Recently, the readout of spin transitions associated
with NV centers in diamond was proposed for magne-
tometry applications [3, 4]. NV centers consist of a ni-
trogen atom substituted into the carbon lattice combined

with a lattice vacancy. Solid-state magnetometers (like
diamond-based devices) are crucial for making field sen-
sors compact. Although several materials allow optical
spin readout, diamond has particular advantages. Spins
in diamond are very well isolated from lattice phonons
and the coherence time of diamond color centers (which
is directly related to the sensitivity of magnetometers)
is long, even under ambient conditions. Recently devel-
oped optical spin readout and coherent control tools have
enabled spectacular proofs of principle of magnetometry
experiments. Demonstrations include a record spatial
resolution in scanning probe magnetometry [5], detection
of NMR and EPR signals at the nanoscale [6, 7], sensing
biomolecules [8], and imaging magnetic bacteria [9].
Although single NV centers are preferable for

nanoscale applications needing high spatial resolution,
the highest sensitivity can be reached for diamonds com-
prising many atomic NV centers. But to date, the preci-
sion of multi-NV devices is still amenable to significant
improvements: Reported measurement accuracies have
not reached the fundamental limit imposed by quantum
mechanics (the so-called quantum projection noise). This
deviation is related to the fact that photons emitted by
diamond color centers are often lost and not detected
(see Fig. 1). The work by Budker and colleagues shows
significant improvement over existing techniques by using
absorption measurements to increase the sensitivity of di-
amond magnetometers. Unlike emission, the absorption
signal can be measured with high efficiency. However,
the infrared transition that is used for detection of mag-
netic signals is weak, and achieving high optical density
of light-absorbing NV sensors in the diamond crystal was
the challenge addressed by the authors.
Budker and co-workers show that placing NV centers

in an optical resonator can increase the infrared optical
absorption and allow a noise floor of 2 nT/Hz1/2 and
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FIG. 1: Optical diamond magnetometers. (Top) The mag-
netic resonance signal of NV centers in diamond is detected
by measuring fluorescence of a diamond sample or transmis-
sion of an optical beam. The inset shows the structure of
NV center in diamond. (Bottom) The absorption signal can
be increased by inserting the diamond sample into an optical
cavity. (APS/Alan Stonebraker)

sensitivity of 70 pT/Hz1/2 to be reached. This sensitiv-
ity is comparable to the best SQUID sensors, but their
diamond device is able to operate at room temperature.
The idea behind this spectacular experiment is to let the
infrared laser beam interact multiple times with the di-
amond crystal (Fig. 1). In order to create NV centers
in diamond, a nitrogen-containing crystal was irradiated
with high-energy electrons. After irradiation, the crystal
contains vacancies that migrate towards nitrogen atoms
forming NV defects. In order to avoid parasitic reflection
of light on the diamond surface, the crystal was coated
with an antireflection layer. The diamond crystal doped
with NV centers was placed between two spherical mir-
rors having high reflectivity (98%) at the frequency of
infrared transition of color centers. Owing to this mul-
tipath technique, the “effective length” of the diamond
sample can be increased, leading to enhancement of sen-
sitivity by 2 orders of magnitude. Multipath detection
also allows the sensing volume to remain small (which
would not be possible in the case of long diamond crys-
tals), which would allow the design of compact devices to
achieve high spatial resolution. Finally, apart from ob-
taining a high-contrast optical signal, the optical cavity
also allows the optical power of the laser to be reduced,
which is important for future integration of diamond
magnetometers into compact magnetic-field-sensing plat-

forms.
The current performance reported by Budker and col-

leagues is remarkable: It would allow the measurement
of a field as small as one millionth of the Earth’s field.
But it could be further improved by tuning the proper-
ties of the diamond sample and optical resonators. Very
high Q factors for integrated diamond cavities were re-
ported recently [10, 11]. Such high-finesse resonators can
further increase the interaction between NV centers and
optical fields (especially at low temperatures when the
optical transition of NV centers becomes narrow). Im-
provement can also be achieved by increasing the co-
herence time of NV centers used in magnetometry ex-
periments: If coherence time is long, the spin transition
has narrow linewidth. The narrow spectral line can be
measured with high accuracy, and this proportionally in-
creases the precision with which the magnetic field can
be determined. Ultralong coherence times (of the or-
der of milliseconds, corresponding to kilohertz linewidth)
were shown for nuclear-spin-free diamond samples with
reduced concentration of 13C carbon isotope [12]. This
would allow NV centers of even higher sensitivity and
precision.
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