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ABSTRACT
The ability to sense nanotelsa magnetic ﬁelds with nanoscale spatial resolution is an outstanding technical
challenge relevant to the physical and biological sciences. For example, detection of such weak localized ﬁelds
will enable sensing of magnetic resonance signals from individual electron or nuclear spins in complex biological
molecules and the readout of classical or quantum bits of information encoded in an electron or nuclear spin
memory. Here we present a novel approach to nanoscale magnetic sensing based on coherent control of an
individual electronic spin contained in the Nitrogen-Vacancy (NV) center in diamond. At room temperature,
using an ultra-pure diamond sample, we achieve shot-noise-limited detection of 3 nanotesla magnetic ﬁelds
oscillating at kHz frequencies after 100 seconds of signal averaging. Furthermore, we experimentally demonstrate
nanoscale resolution using a diamond nanocrystal of 30 nm diameter for which we achieve a sensitivity of 0.5
microtesla / Hz1/2 .
Keywords: Quantum control, solid-state qubits, magnetometry.

1. INTRODUCTION
Detection of weak magnetic ﬁelds has historically been achieved using atomic/molecular systems or solid-state
devices with distinctly diﬀerent underlying physics. Precision measurement techniques in atomic and molecular
systems,1, 2 widely used to implement ultra-stable atomic clocks,3–5 rely on monitoring the precession of angular
momentum via the Zeeman eﬀect for magnetic ﬁeld sensing.6, 7 Sensitive solid-state magnetometers are generally
based on many-body macroscopic phenomena such as the Josephson eﬀect in SQUIDs8, 9 or the Hall eﬀect in
semiconductors.10 Nevertheless, the state-of-the-art magnetometers achieve very high sensitivities, they have
diﬃculty detecting weak ﬁelds with high spatial resolution. Of particular interest would be the detection and
localization of the magnetic ﬁeld produced by a single electronic or nuclear spin. Some intriguing techniques –such
as magnetic force microscopy11, 12 – could potentially yield better spatial resolution. Here we investigate a novel
approach to the detection of weak magnetic ﬁelds using systems currently explored as qubits: isolated electronic
spins in diamond.13–15 The present approach to magnetic sensing16–18 combines the coherent manipulation
of individual electronic spin qubits embedded in a solid-state environment with optical read-out, to yield an
unprecedented combination of high sensitivity and spatial resolution.
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2. SINGLE SPIN BASED MAGNETOMETRY
Figure 1-a illustrates the relevant level structure of the NV center in diamond. The center can be polarized via
optical pumping and measured through spin state-selective ﬂuorescence. Conventional ESR techniques are used
to coherently manipulate the spin angular momentum via microwave ﬁelds. To achieve magnetic sensing, we
monitor the electronic spin precession, which depends on external magnetic ﬁelds through the Zeeman eﬀect.
This method is directly analogous to precision magnetometry techniques in atomic and molecular systems.
The maximum sensitivity will ultimately be determined by the spin coherence time and spin projection-noise.
Although solid-state electronic spins have shorter coherence times than gaseous atoms, quantum control techniques can decouple them from the local environment, leading to a substantial improvement in their sensitivity
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Figure 1. Principles of the individual NV electronic spin diamond magnetic sensor. (a) Energy levels for a single
NV impurity. (b) Example of the pulse sequence structure of the experimental approach. (c) Scanning tip setup for
high-spatial resolution magnetometry. (d) Experimental setup.

to external, time-varying magnetic ﬁelds. Although the sensitivity is smaller than that of the state-of-the-art
macroscopic magnetometers, a key feature of our sensor is that it can be localized within a region of about 10
nm, either in direct proximity to a diamond surface or within a nano-sized diamond crystal, yielding high spatial
resolution.
Figure 2-b describes our procedure to detect magnetic ﬁelds. The canonical approach consist on detecting
Zeeman shifts by means of Ramsey-type spectroscopy. A π/2-pulse creates a superposition of two Zeeman levels,
which acquire a relative phase φ = δω τ ∝ gμB Bτ from the external ﬁeld B during the free evolution interval
τ (here μB is the Bohr magneton and g ≈ 2 for NV centers). Another π/2-pulse transforms the relative phase
into a population diﬀerence, which is measured optically. For small φ, the magnetometer signal S (proportional
to the induced population diﬀerence) depends linearly on the magnetic ﬁeld: S ≈ gμB Bτ . During the total
averaging interval T , T /τ measurements
√ can be made, yielding a shot-noise-limited sensitivity δB given by the
minimum detectable ﬁeld, Bmin ≡ δB/ T = gμB √1τ T .
As the interrogation time τ increases, the sensitivity improves until interactions with the environment lead
to signal decay. For solid-state spin systems, the coherence is limited by interactions with nearby lattice nuclei
and paramagnetic impurities, resulting in an ensemble dephasing time T2∗ ∼ 1 μs. However, coherent control
techniques can improve the sensitivity for AC ﬁelds. Due to the long correlation times characteristic of dipolar
interactions between nuclear spins —the principal source of dephasing— spin echo techniques can dramatically
extend the coherence time. In particular, this can be achieved by adding an additional microwave π-pulse to
the Ramsey sequence at time τ /2, the Hahn echo sequence19 removes the eﬀect of environmental perturbations
whose correlation time is long compared to τ . Thus a signal ﬁeld B(t) oscillating in-phase with the pulse
 τ /2
sequence produces an overall additive phase shift, leading to a total phase accumulation, δφ = gμB [ 0 B(t)dt −
τ
B(t)dt]. Correspondently, the probability of the spin being in the ms = 0 state at the end of the sequence
τ /2
is P0 (τ ) = [1 + F (τ ) cos(δφ)]/2, where F (τ ) is the amplitude of the spin-echo signal envelope in the absence of a
time varying ﬁeld (see Fig. 2-b). For maximal response to CW signals BAC sin (νt + ϕ0 ) with known frequency
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Figure 2. Spin-echo-based magnetometry with an individual NV electronic spin in a bulk diamond sample. (a) Example
electronic spin-echo measurement (dots) and ﬁtting (solid line, see text). (b) Spin-echo signal as a function of applied AC
magnetic ﬁeld amplitude for two operating frequencies ν1 = 3.15 kHz (dashed line) and ν2 = 4.21 kHz, corresponding to
revivals 1 and 2 in Fig. 2-a.

and phase (assuming small BAC ), we ﬁnd τ = 2π/ν and ϕ0 = 0 to be optimal. The resulting sensitivity per
averaging time is
π
√ ,
δBAC ∼
(1)
2gμB C T2
where C ≤ 1, is a parameter that incorporates photon shot noise and a ﬁnite contrast to the Ramsey fringes.
An optimum sensitivity is achieved for ﬁelds with frequency close to ν ∼ 1/T2 . ensitivity can be improved for
higher frequency signals by using composite pulse sequences such as CPMG20 that may provide an even longer
coherence time at the expense of a reduced bandwidth.

3. MAGNETIC SENSING USING NITROGEN-VACANCY CENTERS
3.1. Regimes of operation and achievable sensitivity
We implement magnetic sensing using single NV centers in diamond. The ground state for this center is a
electronic spin triplet (shown in Fig. 1-a). The crystal ﬁeld splits the ms = ±1 Zeeman sublevels from the
ms = 0 sublevel by Δ = 2π × 2.87 GHz, setting the spin quantization axis along the nitrogen-vacancy line. There
are two possible regimes of operations for the magnetometer, each providing a diﬀerent compromise between the
ease of control and achievable sensitivity.
For low static magnetic ﬁelds BDC ≤ 10 mT, it is preferable to use the ms = ±1 manifold which provides
a better sensitivity. It has twice the energy splitting of the 0-1 manifold and is less aﬀected by nuclear spininduced decoherence at low ﬁelds, since inter-nuclear interactions are suppressed by the large hyperﬁne ﬁeld.21
For diamond where natural abundance (1.1%) of Carbon-13 nuclei is the principal cause of decoherence, the
signal decays as F (τ ) = exp[−(τ /T2 )3 ] with T2 ∼ 300μs.22 We can optimize the sensitivity as a function of τ ,
3√
π
δBAC = 2gμ
e(τ /T2 ) τ + tm /Cτ , to obtain a sensitivity of δBAC ≈ 18 nT Hz−1/2 for a single NV center under
B
current experimental conditions (C ≈ 0.05 and measurement time tm ≤ 2 μs). Improved collection eﬃciencies
(C = 0.3) would yield δBAC = 3 nT/Hz−1/2 .
At high magnetic ﬁelds, it is convenient to address the ms = {0, 1} manifold. The dynamics imposed on the
electronic spin by the nuclear spin bath is however more complex. Figure 2-a shows a typical spin-echo signal
observed from an individual NV center. The periodic modulation of the echo is caused by a bath of 13 C nuclear
spins, which create an eﬀective precessing magnetic ﬁeld of a few microtesla at the NV center. The precession
of the nuclear spins around BDC causes the NV spin-echo signal to collapse and revive15 at half the rate of the
13
C Larmor frequency, ωL = γ13 C BDC . Note that substantial spin-echo revivals exist even after a free evolution
of 0.6 ms. The decay of the echo signal envelope does not follow a simple exponential decay associated with
typical ESR on bulk samples. This can be understood by noting that echo dynamics of a single NV center near
the revivals is likely determined by a few 13 C that interacts strongly with the electronic spin,13–15, 22, 23 yielding
multiple characteristic time scales for the echo decay. The envelope of the spin echo signal in Figure 2-a has been
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Figure 3. Magnetometer sensitivity characterization. (a) Measured sensitivity of a single NV spin magnetometer in
bulk diamond after one second averaging. Error bars represent standard deviation for a sample size of 30. Also shown
is the theoretically predicted sensitivity (solid line), with the shaded region representing uncertainty due to variations in
photon collection eﬃciency. Measurements were carried out at two DC ﬁelds, BDC = 13 (diamond) and 22 G (square).
(b) Minimum measurable AC magnetic ﬁeld as a function of averaging time, for AC ﬁeld frequency ν = 3.2 kHz and
BDC = 13 G (diamonds). Fit to the data shows that the sensitivity improves as the square root of averaging time, in
agreement with theoretical estimates based on photon shot-noise limited detection.

modeled with an exponential decay F (τ ) ∝ exp(−(τ /T2 )4 ) modulated by a pair of strongly interacting 13 C. The
sensitivity is then
√
π
(2)
δBAC =
F (τ ) τ + tm /Cτ.
gμB
With T2 ∼ 600 μs, the predicted optimal sensitivity is δBAC ≈ 4 nT/Hz−1/2 for an ideal spin readout, while we
expect a sensitivity  25 nT/Hz−1/2 with current collection eﬃciencies, corresponding to C ∼ 0.05.

3.2. First proof of principles realization
In order to establish the sensitivity limits of our magnetometer, we performed a series of proof-of-principle
experiments involving single NV centers in bulk ultra-pure single crystal diamond and in commercially available
diamond nanocrystals. Our experimental methodology is depicted in Figure 1. Single NV centers are imaged
and localized with ∼ 170 nm resolution using confocal microscopy. The position of the focal point is moved near
the sample surface using a galvanometer mounted mirror to change the beam path and a piezo-driven objective
mount. A 20 micron diameter wire generates microwave pulses to manipulate the electronic spin states (see
Figure 1b). A pair of Helmholtz coils are used to provide both AC and DC magnetic ﬁelds. An individual center
is ﬁrst polarized into the mS = 0 sublevel. On Figure 1-b, a coherent superposition between the states mS = 0
and mS = 1 is created by applying a π/2 pulse tuned to this transition. The system freely evolves for a period
of time τ /2, followed by a π refocusing pulse. After a second τ /2 evolution period, the electronic spin state is
projected onto the mS = {0, 1} basis by a ﬁnal π/2 pulse, at which point the ground state population is detected
optically via spin-dependent ﬂuorescence.
First, we consider a single crystal diamond bulk sample, operating in the ms = {0, 1} manifold. To achieve
the highest sensitivity, the revival rate of the spin-echo signal is adjusted by varying the strength of the applied
DC magnetic ﬁeld BDC , such that the frequency of the echo revival peaks coincides with multiples of the AC ﬁeld
frequency ν to be detected. As shown in Figure 2-b, the observed peak of the spin-echo signal varies periodically
as the amplitude of the external AC ﬁeld (BAC ) is increased. The signal variation results from the accumulated
phase due to the AC magnetic ﬁeld, which is converted into a spin population diﬀerence, leading to variations
in the detected ﬂuorescence signal. Maximal signal on Figure 2 corresponds to an average number of photons
n̄ = 0.03 detected during the 324 ns photon counting window of a single experimental run. On Figure 2-b, each
displayed point is a result of N = 7 × 105 averages of spin-echo sequences. The magnetometer is most sensitive
to variations in the AC magnetic ﬁeld amplitude (δB) at the point of maximum slope, with the sensitivity being
limited by the uncertainty in the spin-echo signal measurement (δS).
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Figure 4. Example of magnetic sensing with a single NV electronic spin in a diamond nanocrystal. (a) Spin-echo signal
from a single NV center contained in a diamond nanocrystal with diameter of 34±12 nm as determined by AFM. The arrow
indicates the time at which magnetic sensing is performed in Fig. 4b. (b) Spin-echo signal as a function of the applied
AC magnetic ﬁeld amplitude at a frequency of ν = 380 kHz. The resulting standard deviation yields a magnetometer
sensitivity of 0.5 ± 0.1 μT/Hz1/2 .

Figure 3a shows a demonstration of the measured sensitivity δB after one second of averaging as a function
of the AC√magnetic ﬁeld frequency ν = 1/τ . At high frequencies or short times, F (1/ν) → 1, and the sensitivity
scales as ν, while at low frequencies decoherence degrades the sensitivity. Figure 3-b shows sensitivity for a
ﬁxed AC magnetic ﬁeld frequency ν as a function of measurement time T . The solid line is a ﬁt to Bmin ∝ T −α ,
where α = 0.5 ± 0.01. This indicates that magnetic ﬁelds as small as few nanotesla are resolvable after 100
seconds of averaging.
In addition, we performed similar experiments using single NV centers in diamond nanocrystals (30 nm
diameter) to demonstrate magnetic sensing within a nanoscale detection volume. The available nanocrystals
contain a large number of impurities (probably paramagnetic substitutional nitrogen atoms containing unpaired
electron spins) that shorten the electronic spin coherence time24 to values ranging from 4 to 10 μs. Sensitive
detection of AC magnetic ﬁelds √
is still possible as demonstrated experimentally in Figure 4. A magnetometer
sensitivity of δB ∼ 0.5 ± 0.1 μT/ Hz is achieved for this nanocrystal at ν = 380 kHz. In Figure 4-b, maximum
signal corresponds to an average number of photons n̄ = 0.02 counted during a 324 ns photon counting window;
N = 2 × 106 averages of spin-echo sequences were used.

4. DISCUSSION
The decoherence of the spin-echo signal, given by the envelope F (τ ) in Figure 2a, is caused by magnetic dipoledipole interactions between 13 C nuclear spins. As a result, the achievable sensitivity might vary from center
to center since each defect has diﬀerent local distribution of nuclei spins. This decoherence or envelope was
modeled with an exponential decay modulated by the eﬀect of a pair of nearby strongly interacting 13 C. In this
2
2
)
model,23 F (τ ) = exp(−(τ /T2 )4 )(1 − (a a−b
sin2 aτ sin2 bτ ); where for the data in Figure 2a we found T2 = 676
2
μs, b = 478 Hz (corresponding to the dipolar interaction between the two nuclei) and a = 626 Hz (related with
the interactions between the nuclei and the NV spin).
The absolute sensitivity depends on the signal to noise ratio in the readout of the NV electronic spin state.
In our case, this is limited by photon collection eﬃciency ≈ 0.1%. The resulting photon shot noise7, 16 results in
a degradation of the ideal magnetometer sensitivity given by16 ηAC = gμB C √π
. The solid curve in Figure
νF (1/ν)
3-a is the predicted sensitivity ηAC as a function of the frequency
of the external magnetic ﬁeld where g ≈ 2 is


+a1 +a0 a1 )
the electron g-factor, μB is the Bohr magneton, and C −1 = 1 + 2 (a0(a
is a factor that estimates16 the
2
0 −a1 )
photon shot-noise when the average photon number during the readout window of 324 ns is much less than 1.
The values a0 = 0.03 ± 0.006 and a1 = 0.018 ± 0.004 correspond to the average number of detected photons for
the electronic spin states mS = 0 and mS = ±1, respectively. This prediction is in excellent agreement with the
experimental results, indicating that our magnetometer is photon-shot-noise limited.
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5. OUTLOOK
The present achieved sensitivity and high spatial resolution suggest that solid state spin-qubits such as NV
centers in diamond can ﬁnd a wide range of applications, from fundamental physics tests or quantum computing
applications to detection of NMR signals, surface physics and material science, and medical imaging and biomagnetism. In particular, this robust technology could be invaluable both in nanoscale magnetic ﬁeld imaging
and in macroscopic ﬁeld detection scenarios, such as low-ﬁeld MRI.
For instance, one of the outstanding challenges in magnetic sensing is the detection and real space imaging
of single electronic and nuclear dipoles. Since the magnetic ﬁeld from a single dipole decreases with distance
as ∼ 1/r3 , a magnetometer that can be brought into close proximity of the dipole oﬀers a clear advantage.
This can be achieved by using a diamond nanocrystal. For example, a ∼ 25 nm diameter nanocrystal attached
to the end of an optical ﬁber or plasmonic waveguide,25 would provide a spatial resolution ∼ 25 nm, while
achieving orders of magnitude higher magnetic ﬁeld sensitivity than magnetic force microscopy.12 Provided the
waveguide can yield high collection eﬃciency (C  0.3), a sensitivity better than 3 nT Hz−1/2 could be achieved
using echo-based techniques. This surpasses the sensitivity of Hall-bar26 or SQUID8 based microscopes by more
than an order of magnitude, with 10 times better spatial resolution. For example, the magnetic ﬁeld from a
single proton is ∼ 3 nT at 10-nm separation, which an NV nanocrystal magnetometer would be able to detect
within one second. The ultimate limits to miniaturization of such nanocrystals, which are likely due to surface
eﬀects, are not yet well understood, but experiments have already demonstrated control of single NV centers in
sub 50-nm nanocrystals,24, 27, 28 as well as the use of such nanocrystals in scanning probe setups.29
The magnetic ﬁeld sensitivity can be improved further by using multiple pulses. The narrow bandwidth
associated with such an approach can also be exploited for a frequency selective measurement, ranging from tens
of kHz up to MHz. This will enable to distinguish diﬀerent isotopes, due to their unique gyromagnetic ratios, and
could improve the spatial resolution when used in combination with a strong magnetic ﬁeld gradient. Much longer
coherence and interrogation times should be possible by using isotopically pure diamond with low concentrations
of both 13 C and nitrogen electron spin impurities. The signal-to-noise ratio may also be increased by improving
the measurement readout eﬃciency. Near single-shot readout of an electronic spin in diamond has been achieved
with cryogenic cooling using resonant excitation.30 Photon collection eﬃciency at room temperature can also
be substantially improved using either conventional far-ﬁeld optics or evanescent, near-ﬁeld coupling to optical
waveguides.31 Finally, another way to improve the magnetometer sensitivity is to use many sensing spins,16
where we can take advantage of the relatively high achievable density of spins in the solid-state (∼ 1017 cm−3 )
compared to atomic magnetometers(∼ 1013 cm−3 ).7 Further extensions could include the use of non-classical
spin states, such as squeezed states induced by the spin-spin coupling.
The above considerations indicate that coherent control of electronic spins in diamond can be used to create
a magnetic ﬁeld sensor with an unprecedented combination of sensitivity and spatial resolution in a small, robust
device. On a more general level, these ideas could apply to a variety of paramagnetic systems or even qubits
sensitive to other perturbations of their environment. The vast range of potential applications for sensitive,
spatially resolved measurements warrants a re-examination of solid-state quantum devices from the perspective
of metrology.
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