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NV centers in diamond as quantum sensors

NV center “magnetometry”

Sensitivities to axion dark matter

Improve measurement protocols!! ~ comagnetometry & mixed dynamic decoupling

application of resonant microwaves (MWs) near 2.87 GHz.
Upon optical excitation, nonradiative decay through a spin-
state-dependent intersystem crossing (Goldman, Doherty
et al., 2015; Goldman, Sipahigil et al., 2015) produces both
spin-state-dependent fluorescence contrast and optical spin
initialization into the NV− center’s ms ¼ 0 ground state; see
Fig. 1(b).
Relative to alternative technologies (Grosz, Haji-Sheikh,

and Mukhopadhyay, 2017), sensors employing NV− centers
excel in technical simplicity and spatial resolution (Grinolds et
al., 2014; Arai et al., 2015; Jaskula, Bauch et al., 2017). Such
devices may operate as broadband sensors, with bandwidths
up to ∼100 kHz (Acosta, Jarmola et al., 2010; Barry et al.,
2016; Schloss et al., 2018), or as high-frequency detectors for
signals up to several GHz (Shin et al., 2012; Cai et al., 2013;
Loretz, Rosskopf, and Degen, 2013; Steinert et al., 2013;
Tetienne et al., 2013; Pelliccione et al., 2014; Boss et al.,
2016, 2017; Hall et al., 2016; Lovchinsky et al., 2016; Pham
et al., 2016; Shao et al., 2016; Wood et al., 2016; Aslam et al.,
2017; Schmitt et al., 2017; Casola, van der Sar, and Yacoby,
2018; Horsley et al., 2018). Importantly, effective optical
initialization and readout of NV− spins does not require
narrow-linewidth lasers; rather, a single free-running 532-nm
solid-state laser is sufficient. NV-diamond sensors operate at
ambient temperatures, pressures, and magnetic fields and thus
require no cryogenics, vacuum systems, or tesla-scale applied
bias fields. Furthermore, diamond is chemically inert, making
NV− devices biocompatible. These properties allow sensors to
be placed within ∼1 nm of field sources (Pham et al., 2016),
which enables magnetic-field imaging with nanometer-scale
spatial resolution (Grinolds et al., 2014; Arai et al., 2015;
Jaskula, Bauch et al., 2017). NV-diamond sensors are also
operationally robust and may function at pressures up to
60 GPa (Doherty et al., 2014; Ivády et al., 2014; Hsieh et al.,

2019) and temperatures from cryogenic to 600 K (Toyli
et al., 2012, 2013; Plakhotnik et al., 2014).
Although single NV− centers find numerous applications in

ultra-high-resolution sensing due to their angstrom-scale size
(Balasubramanian et al., 2008; Maze et al., 2008; Casola, van
der Sar, and Yacoby, 2018), sensors employing ensembles of
NV− centers provide improved signal-to-noise ratio (SNR) at
the cost of spatial resolution by virtue of statistical averaging
over multiple spins (Taylor et al., 2008; Acosta et al., 2009).
Diamonds may be engineered to contain concentrations of
NV− centers as high as 1019 cm−3 (J. Choi et al., 2017), which
facilitates high-sensitivity measurements from single-channel
bulk detectors as well as wide-field parallel magnetic imaging
(Taylor et al., 2008; Steinert et al., 2010, 2013; Pham et al.,
2011; Le Sage et al., 2013; Glenn et al., 2015; Davis et al.,
2018; Fescenko et al., 2019). These engineered diamonds
typically contain NV− centers with symmetry axes distributed
along all four crystallographic orientations, each primarily
sensitive to the magnetic-field projection along its axis. Thus,
ensemble-NV− devices provide full vector magnetic-field
sensing without heading errors or dead zones (Maertz
et al., 2010; Steinert et al., 2010; Pham et al., 2011; Le
Sage et al., 2013; Schloss et al., 2018). NV− centers have also
been employed for high-sensitivity imaging of temperature
(Kucsko et al., 2013), strain, and electric fields (Dolde et al.,
2011; Barson et al., 2017). Recent examples of ensemble-
NV− sensing applications include magnetic detection of
single-neuron action potentials (Barry et al., 2016); magnetic
imaging of living cells (Le Sage et al., 2013; Steinert et al.,
2013), malarial hemozoin (Fescenko et al., 2019), and
biological tissue with subcellular resolution (Davis et al.,
2018); nanoscale thermometry (Kucsko et al., 2013; Neumann
et al., 2013); single protein detection (Shi et al., 2015;
Lovchinsky et al., 2016); nanoscale and micron-scale NMR
(Staudacher et al., 2013; Loretz et al., 2014; Sushkov et al.,
2014; DeVience et al., 2015; Rugar et al., 2015; Kehayias
et al., 2017; Bucher et al., 2018; Glenn et al., 2018); and
studies of meteorite composition (Fu et al., 2014) and
paleomagnetism (Farchi et al., 2017; Glenn et al., 2017).
Despite demonstrated utility in a number of applications,

the present performance of ensemble-NV− sensors remains far
from theoretical limits. Even the most sensitive ensemble-
based devices demonstrated to date exhibit readout fidelities
F ∼ 0.01, limiting sensitivity to at best ∼100 times worse than
the spin-projection limit. Additionally, reported dephasing
times T"

2 in NV-rich diamonds remain 100 to 1000 times
shorter than the theoretical maximum of 2T1 (Jarmola et al.,
2012; Bauch et al., 2018, 2019). As a result, whereas
present state-of-the-art ensemble-NV− magnetometers exhibit
pT=

ffiffiffiffiffiffi
Hz

p
-level sensitivities, competing technologies such as

superconducting quantum interference devices (SQUIDs) and
spin-exchange relaxation-free magnetometers exhibit sensi-
tivities at the fT=

ffiffiffiffiffiffi
Hz

p
level and below (Kitching, 2018). This

∼1000 times sensitivity discrepancy corresponds to a
∼106 times increase in required averaging time, which
precludes many envisioned applications. In particular, the
sensing times required to detect weak static signals with an
NV-diamond sensor may be unacceptably long; for example,
biological systems may have only a short period of viability.
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FIG. 1. Overview of the nitrogen-vacancy (NV) center quantum
system. (a) Diagram of diamond lattice containing an NV center,
which consists of a substitutional nitrogen adjacent to a lattice
vacancy. The green arrow marks the NV symmetry axis, oriented
along the ½11̄ 1̄$ diamond crystallographic axis for the particular
NV center shown here. From Pham, 2013. (b) Energy level
diagram for the negatively charged NV− center in diamond, with
zero-field splitting D between the ground-state electronic spin
levels ms ¼ 0 and ms ¼ %1. The ms ¼ %1 energy levels
experience a Zeeman shift in the presence of a magnetic field
B⃗, which forms the basis for NV− magnetometry. Adapted from
Schloss et al., 2018.
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Benefits as a quantum sensor
1. Manipulate quantum states

microwaves/radio waves
2. Readout quantum states

fluorescence
3. Isolated from environment

long coherence time
4. Large number ∝ 𝑵𝐀𝐯𝐨𝐠𝐚𝐝𝐫𝐨
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Nuclear spins interesting
1. Lower magnetic noise
2. Unexplored in context of 

magnetometry
3. Comagnetometry
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Our experiment going on in Japan!!
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Dynamic decoupling
…… flips spin 2𝑛	times during protocol

Pros:
• Cancel dc noise effects

coherence time 𝑇/ ≫ 𝑇/∗
Cons:
• Narrow-band sensitivities

cancels dc signal effects
Tuned setup: 𝛾1𝜏1 + 𝛾*𝜏* = 0 (𝛾1𝛾* < 0)

Mixed dynamic decoupling
…… use both 𝑒%/&'𝑁 spins to cancel noise

Pros:
• Cancel dc noise effects

coherence time 𝑇/ ≫ 𝑇/∗
𝑇( → 𝑂 𝑇&  @ cryogenic, 𝑛 → ∞

• Comagnetometry approach
• Broad-band search for axion!

SC, et al. (work in progress)
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