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Nanoscale NMR spectroscopy and imaging of
multiple nuclear species
Stephen J. DeVience1, Linh M. Pham2, Igor Lovchinsky3, Alexander O. Sushkov1,3, Nir Bar-Gill4,
Chinmay Belthangady2, Francesco Casola2, Madeleine Corbett5, Huiliang Zhang3, Mikhail Lukin3,
Hongkun Park1,3,6, Amir Yacoby3,5 and Ronald L. Walsworth1,2,3,6*
Nuclear magnetic resonance (NMR) spectroscopy and magnetic
resonance imaging (MRI) provide non-invasive information
about multiple nuclear species in bulk matter, with wideranging applications from basic physics and chemistry to biomedical imaging1. However, the spatial resolution of conventional
NMR and MRI is limited2 to several micrometres even at large
magnetic ﬁelds (>1 T), which is inadequate for many frontier
scientiﬁc applications such as single-molecule NMR spectroscopy and in vivo MRI of individual biological cells. A promising approach for nanoscale NMR and MRI exploits optical
measurements of nitrogen–vacancy (NV) colour centres in
diamond, which provide a combination of magnetic ﬁeld sensitivity and nanoscale spatial resolution unmatched by any existing technology, while operating under ambient conditions in a
robust, solid-state system3–5. Recently, single, shallow NV
centres were used to demonstrate NMR of nanoscale ensembles
of proton spins, consisting of a statistical polarization equivalent to ∼100–1,000 spins in uniform samples covering the
surface of a bulk diamond chip6,7. Here, we realize nanoscale
NMR spectroscopy and MRI of multiple nuclear species (1H,
19
F, 31P) in non-uniform (spatially structured) samples under
ambient conditions and at moderate magnetic ﬁelds (∼20 mT)
using two complementary sensor modalities.
We interrogate single shallow NV centres in a diamond chip to
perform simultaneous multi-species NMR spectroscopy and
one-dimensional MRI on few-nanometre-sized samples placed on
the diamond surface, which have a statistical spin polarization
equivalent to ~100 polarized nuclei. We also use a diamond chip
containing a shallow, high-density NV layer to demonstrate wideﬁeld optical NMR spectroscopy and two-dimensional MRI with
sub-micrometre resolution of samples containing multiple nuclear
species. For all diamond samples exposed to air, we identify a
ubiquitous 1H NMR signal, consistent with a ∼1 nm layer of
adsorbed hydrocarbons or water on the diamond surface and
below any sample placed on the diamond. This work lays the
foundation for diverse NMR and MRI applications at the nanoscale,
such as determination of the structure and dynamics of single
proteins and other biomolecules, identiﬁcation of transition states
in surface chemical reactions, functional biological imaging
with subcellular resolution and cellular circuit ﬁeld of view, and
characterization of thin ﬁlms with sub-nanometre resolution.
The spatial resolution of conventional NMR and MRI is limited
to macroscopic length scales due to the modest signal-to-noise ratio
(SNR) provided by inductively detected thermal spin polarization,

even in large (>1 T) magnetic ﬁelds, and the ﬁnite strength of the
externally applied magnetic ﬁeld gradients used for Fourier
k-space imaging2. Other precision magnetic sensors have only
macroscopic resolution (for example, semiconductor Hall effect
sensors8 and atomic magnetometers9) and/or require operation at
cryogenic temperatures or in vacuum (for example, superconducting quantum interference devices (SQUIDs)10 and magnetic resonance force microscopy (MRFM)11,12). Alternatively, NV centres in
room-temperature diamond can be brought within a few nanometres of magnetic ﬁeld sources of interest while maintaining
long NV electronic spin coherence times (∼100 µs), a large
Zeeman shift of the NV spin states (∼28 MHz mT−1), and optical
preparation and readout of the NV spin (Fig. 1a). Highlights of
NV-diamond magnetic sensing to date (all performed under
ambient conditions) include sensitive spectroscopy13–15 and
imaging16–18 of electron and nuclear spin impurities within the
diamond sample, single electron spin imaging external to the
diamond sensor19, sensing the aforementioned nanoscale NMR of
proton spins in samples placed on the diamond surface6,7,20,
targeted detection of single paramagnetic molecules attached to
the diamond surface21, wide-ﬁeld magnetic imaging of living
magnetotactic bacteria, with sub-micrometre resolution22, and the
recent realization of single proton NMR and MRI for very shallow
NV centres23.
In the ﬁrst NV-diamond sensor modality used in the present
work (Fig. 1b), a scanning confocal microscope interrogates a
single NV centre located a few nanometres below the surface of a
high-purity diamond chip. In the second sensor modality
(Fig. 1c), the ﬂuorescence from a shallow (5–15 nm deep), highdensity (3.5 × 1011 cm−2) NV ensemble layer near the surface of
a diamond chip is imaged onto a charge-coupled device (CCD)
camera24. The NV ensemble wide-ﬁeld microscope provides
pixel-by-pixel multi-species NMR spectroscopy and twodimensional MRI with sub-micrometre resolution and wide ﬁeld
of view, in a robust device that does not rely on identifying
and addressing an optimally chosen NV centre, while the single
NV confocal microscope can extract thickness information of
layered thin ﬁlms containing different nuclear species, with
sub-nanometre resolution.
For both sensor modalities, an NV NMR measurement proceeds
in the following way. First, an 8-μs-long 532 nm laser pulse optically
pumps the NV electronic spins into the |0〉 state. Resonant microwave pulses are then applied to the NV electronic spins. First, a
π/2 pulse prepares a coherent superposition of ground spin states
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Figure 1 | NV NMR experiment. a, NV centre energy level diagram (see Supplementary Methods for details). b, A confocal microscope interrogates a single
shallow NV centre, which detects NMR signals from a few-nanometre region of sample on the diamond surface. c, A wide-ﬁeld microscope images
ﬂuorescence from a shallow, high-density layer of NV centres allowing detection of NMR signals from overlapping nanoscale regions of sample on the
diamond surface. Only NV centres of the same orientation (shown in red), aligned along an externally applied static magnetic ﬁeld, B0 , contribute to the
ensemble NV NMR signal. d, Larmor precessing nuclear spins in the sample produce an effective a.c. magnetic ﬁeld (such as the one shown by the green
line) that is detected by NV sensors in a frequency-selective manner using an XY8–k pulse sequence.
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Figure 2 | Multi-species nanoscale NMR with a single shallow NV centre. a, 1H and 19F NMR spectra of a ﬂuorinated sample (PFOS/POSF) under several
magnetic ﬁelds, measured with an XY8–30 sequence and ﬁt with a model for the NV NMR lineshape. Top inset: Schematic of PFOS molecular structure.
Bottom inset: Measured 1H and 19F NMR resonance frequencies as a function of applied static magnetic ﬁeld B0. Error bars are smaller than the markers.
Linear ﬁts yield gyromagnetic ratios γ matching the literature values within experimental error, with the standard deviation in γ determined from the linear ﬁt.
Black squares, 1H γ = (4.257 ± 0.014) kHz G−1; green triangles, 19F γ = (4.003 ± 0.007) kHz G−1. b, Series of NV NMR spectra for the ﬂuorinated sample
acquired with an increasing number of repetitions k of the XY8–k pulse sequence. Measurement sensitivity and spectral selectivity improve with increased
repetitions k. Note: in both a and b, spectra are offset vertically for clarity.

(|0〉 + |1〉)/√2. Then, an XY8–k sequence allows the NV spins to
probe the local magnetic environment25. Finally, a π/2 pulse projects
the evolved NV spin coherence onto a |0〉,|1〉 state population difference, which is detected via the NV spin-state dependent ﬂuorescence intensity after a 500 ns, 532 nm laser pulse. The XY8–k
pulse sequence consists of a block of eight sequential π-rotation
pulses repeated k times (Fig. 1d) and serves two purposes. First,
the sequence dynamically decouples NV spins from the background
magnetic environment (for example, spin impurities in diamond
and other sources of magnetic noise) so that the NV spin coherence
time T2 is extended beyond the inhomogeneous dephasing time T2*
and the single Hahn-echo coherence time26–30. Second, the XY8–k
sequence gives the NV spins narrow-band sensitivity to NMR
signals centred at frequency ν = 1/2τ (where τ is the delay time
between π pulses) and with detection bandwidth Δν = 0.111/kτ
(refs 14,31,32). The presence of an NMR signal resonant with
130

the XY8–k sequence is detected as a spectrally speciﬁc change in
the NV optical ﬂuorescence signal (see Supplementary Methods
for details).
Importantly, the strength of the NV NMR signal and the number
of nuclear spins detected per NV are sensitively dependent on the
NV depth and the density of nuclear spins in the sample20. To calibrate NV depth, we used NV NMR measurements from protons in
immersion oil (a well-understood sample with uniform 1H density)
placed on the diamond surface, together with a model of magnetic
ﬁeld ﬂuctuations at each NV centre induced by the ensemble of statistically polarized nuclear spins in the sample (L. M. Pham et al.,
manuscript in preparation). We used the resulting NV depth and
the nuclear magnetic ﬁeld model to determine the number of
nuclear spins sensed in each sample studied. Details of the
NV depth calibration are given in the Supplementary Methods
(L. M. Pham et al., manuscript in preparation).
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Figure 3 | Multi-species nanoscale NMR with a shallow NV ensemble. a, Example NMR spectra of a ﬂuorinated sample (PFOS/POSF) at several magnetic
ﬁelds, measured with an XY8–10 sequence. As with single-NV measurements, both 1H and 19F NMR signals are observed and ﬁt with a model lineshape.
b, Example 31P NMR spectra from a dry disodium phosphate sample (at 313 and 335 G) and a powdered ATP sample (at 344 G) with an XY8–10 sequence,
smoothed and ﬁt with the model lineshape. Note: in both a and b, spectra are offset vertically for clarity. c, Measured 1H, 19F and 31P NMR resonance
frequencies as a function of applied static magnetic ﬁeld B0. Error bars are smaller than the markers. Linear ﬁts yield gyromagnetic ratios γ matching the
literature value within experimental error, with the standard deviation in γ determined from the linear ﬁt.

Figure 2 presents example results for multi-species nanoscale
NMR spectroscopy using a single NV centre, selected from a thin
layer with average NV centre depth of 10 ± 2.6 nm. We placed a
mixture of sodium perﬂuorooctanesulphonate (PFOS) and perﬂuorooctanesulphonyl ﬂuoride (POSF) feedstock on the diamond
surface and allowed it to dry under ambient conditions. Using an
XY8–30 pulse sequence, we then measured NV NMR spectra of
the ﬂuorinated residue and observed resonances corresponding to
19
F and 1H nuclei over a range of applied static magnetic ﬁelds,
B0 , oriented along the NV axis. Several representative NMR
spectra are shown in Fig. 2a, where we ﬁt the measured NV
ﬂuorescence to a model function to extract the frequencies and
linewidths of the NMR resonance dips (see Supplementary
Methods and L. M. Pham et al., manuscript in preparation, for
details). For the 19F NMR resonance, we determined that 50% of
the observed NV NMR signal results from ∼20,000 unpolarized
ﬂuorine nuclei in an ∼(10 nm)3 volume, which has a statistical
spin polarization equivalent to ∼140 polarized ﬂuorine nuclei. In
Fig. 2a we also plot the measured resonance frequency ν0 of each
nuclear species as a function of B0 , with an observed linear dependence ν0 = (γn/2π)B0 that is consistent with the known gyromagnetic
ratios of 19F and 1H (ref. 33).
To characterize the inhomogeneous dephasing time T *2 for each
nuclear species, we varied the number of repetitions k in the XY8–k
pulse sequence and observed the effect on the measured NV NMR
resonance features. As shown in Fig. 2b, we found that increasing k,
and thereby creating a narrower spectral ﬁlter for the NV NMR
measurement, results in a narrowing and deepening of the
resonance dips, setting lower limits of T *2 ≥ 32 µs for 19F and
T *2 ≥ 11 µs for 1H for this nanoscale sample on the diamond
surface. As the number of pulses is increased, the measured linewidth approaches a limit set by 1/πT *2 , which results from ﬁeld
inhomogeneities, spin–spin interactions and diffusion. The linewidth measurement is also affected by the accumulation of pulse
errors and decreasing SNR. Fluorine exhibits a longer T *2 than
protons because its lower gyromagnetic ratio produces weaker
spin–spin interactions and because the larger molecular size of
PFOS results in less diffusion.
As shown in Fig. 3, we also acquired consistent multi-species
nanoscale NMR spectra using an ensemble of high-density,
shallow-implanted NV centres in a wide-ﬁeld microscope set-up,

with the NV ﬂuorescence signal detected by a CCD camera and
integrated across the few-micrometre-wide laser spot. For this
diamond chip, the mean lateral distance between NV centres of
the same orientation is ∼30 nm (determined from the NV fabrication process and wide-ﬁeld ﬂuorescence measurements), and the
mean NV depth is ∼10 nm (determined by the calibration process
outlined above). In particular, the results in Fig. 3 demonstrate
that high-sensitivity nuclear spin sensing can be provided by NV
ensembles, without choosing an optimal single NV sensor. In the
ﬁrst example (Fig. 3a), we again measured a ﬂuorinated sample
(PFOS/POSF) dried on the diamond surface. Both 1H and 19F
NMR signals are resolved, albeit with broader linewidths than
observed for the single NV centre data of Fig. 2 due to magnetic
ﬁeld inhomogeneities across the laser spot. In the second
example (Fig. 3b), we performed NV NMR measurements of
31
P nuclei for samples of dried disodium phosphate and powdered
adenosine triphosphate disodium (ATP) salt on the diamond
surface. In all ensemble measurements, the dip in ﬂuorescence
contrast is weaker than the single NV case due to background ﬂuorescence from off-axis NV centres, which ﬂuoresce but are not
manipulated by the microwave pulses. Plots of the measured 1H,
19
F and 31P resonance frequencies versus magnetic ﬁeld (Fig. 3c)
are in agreement with the known gyromagnetic ratios of these
nuclear species33.
We next used the wide-ﬁeld NV microscope to demonstrate twodimensional optical MRI of spatially varying concentrations of 19F
nuclear spins, again using the ﬂuorinated sample (PFOS/POSF).
We fabricated a patterned structure (mask) of SiO2 on the
diamond surface via atomic-layer deposition. This structure
covered part of the diamond surface, with a sub-micrometre edge
going from the full thickness of the SiO2 layer (90 nm) to bare
diamond. Figure 4a shows a white light image of a corner deﬁned
by this structure. We introduced the ﬂuorinated sample onto the
diamond surface and applied the sensing protocol described
above, which provided an NMR spectrum for each pixel of the
CCD camera: that is, optical MRI with a lateral resolution of
∼500 nm, a 50 µm ﬁeld of view, and sensitivity to nuclear spins
within ∼20 nm of the diamond surface. An example 19F NMR
image is shown in Fig. 4b, with single-pixel NMR spectra on the
bare diamond surface and under the SiO2 structure shown in
Fig. 4c. An additional example of data acquired near a different
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Figure 4 | Optical MRI of multi-species sample with sub-micrometre structure. a, White-light transmission image of shaped SiO2 structure (90-nm-thick
mask) on the surface of a diamond containing a shallow, high-density NV layer. b, Optical MRI of 19F nuclear spin density in the ﬂuorinated sample
(PFOS/POSF) within ∼20 nm of the surface. Colour indicates NMR contrast, with blue representing a deep 19F NMR contrast dip and hence high ﬂuorine
concentration on the bare diamond surface as measured by the NV ensemble. Red represents no 19F NMR signal detected by the NV ensemble under the
SiO2 layer. c, NV NMR spectra for two points (A and B) of the image in b, ﬁt with Lorentzian curves. d–f, White-light transmission image, optical MRI of 19F
nuclear spin density, and NV NMR spectra of a second SiO2 structure. On the bare diamond surface (A), NMR signals are observed for both 1H and 19F.
Under the SiO2 structure (B), only ubiquitous surface layer 1H spins are detected, as the SiO2 layer displaces the ﬂuorinated sample ∼90 nm away from the
diamond surface and NV sensors.
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Figure 5 | Determination of surface proton layer thickness. a, NMR signal from Fomblin Y oil on the diamond surface measured with two NV centres
separated by ∼5 µm. NV depths are presented, as calculated from the lineshape model (see Supplementary Methods). b, Chemical structure of Fomblin Y
oil. c, Description of the hypothesized sample structure resulting from Fomblin Y oil ﬂoating above a thin layer of adsorbed hydrocarbons or water on the
diamond surface.

edge of the SiO2 structure is shown in Fig. 4d–f. See Supplementary
Methods for details. The SiO2 structure prevented underlying NV
centres from detecting the NMR signal from 19F nuclear spins in
the sample, due to the strong (1/d 3) distance dependence of NV
132

sensitivity to magnetic dipole ﬁelds. In contrast, the NV centres
remained sensitive to 19F nuclear spins in the sample on the bare
diamond surface. Note that a 1H NMR signal was observed across
the full diamond surface even under the SiO2 structure, consistent
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with other recent observations using NV diamond6,7,20 (H. J.
Mamin, personal communication, May 2014) and MRFM12,34,35.
These results illustrate the ability of our technique to provide
nuclear-species-speciﬁc spectroscopic and imaging information
for nanoscale samples across a wide ﬁeld of view.
Finally, we used the single NV confocal microscope to investigate
the origin of the ubiquitous 1H NMR signal, observed on all
diamond samples after extended exposure to air (including single
NV and NV ensemble measurements), as well as in the presence
of the dried PFOS/POSF sample and the SiO2-coated region of
the diamond. We applied Fomblin Y HVAC 140/13 oil, which contains ∼40 19F nuclei per nm3 and no 1H, to the surface of a diamond
directly after acid cleaning (see Supplementary Methods). NV NMR
measurements of the Fomblin oil yield strong NMR signals of both
19
F and 1H nuclei for each of several NV centres probed (see
example data in Fig. 5a and the Supplementary Information). The
different relative strengths of the 19F and 1H signals, dependent
on the depth of the probed NV centre (previously calibrated as
described in the Supplementary Methods and L. M. Pham et al.,
manuscript in preparation), are consistent with a thin adsorbed
hydrocarbon or water layer on the diamond surface and below the
thick layer of Fomblin oil (Fig. 5b,c). Applying the NV NMR lineshape model to this hypothesized sample geometry yields a
proton-containing layer thickness of ∼1 nm, which is found to be
very similar for proximal NV centres located within a few micrometres of each other. The data are not consistent with an isotropic
mixture of Fomblin and proton-containing molecules, which would
result in 1H and 19F spectral signals having the same relative
strengths for proximal NV centres. This experiment and analysis
represents a form of nanoscale one-dimensional MRI, and it provides the ﬁrst proof-of-principle demonstration of the capability
of the NV NMR technique to extract thickness information for
multi-layered thin ﬁlms containing multiple nuclear spin species,
with sub-nanometre resolution.
In summary, we demonstrated a new capability for nanoscale,
optically detected NMR spectroscopy and MRI of multiple
nuclear species (1H, 19F, 31P) using shallow NV centres in
diamond. We performed simultaneous multi-species NMR spectroscopy under ambient conditions, using two experimental modalities: (1) a scanning confocal microscope interrogating single NV
centres, which is suitable for probing few-nanometre-sized
samples containing ∼100 polarized nuclear spins as well as extracting thickness information for multiple layers of thin ﬁlms with subnanometre resolution; and (2) a wide-ﬁeld microscope using a CCD
camera to image ﬂuorescence from a high-density NV ensemble in a
thin layer near the diamond surface, which is optimal for NMR
spectroscopy and imaging over a >10 µm ﬁeld of view and with
sub-micrometre resolution. Importantly, the NV ensemble results
show that high-sensitivity nanoscale NMR does not require choosing an optimal single NV sensor. These complementary NV sensor
modalities provide utility well beyond current NMR and MRI technology, opening the door to wide-ranging applications at the nanoscale, from studies of surface catalyst reactions to the identiﬁcation of
single protein structure and dynamics to functional MRI within
living cells. Future challenges for NV NMR and MRI include
improving the sensitivity at the single nuclear spin level, and achieving both atomic-scale (ångstrom) spatial resolution and hertz-scale
spectral resolution sufﬁcient to observe chemical shifts in single biomolecules at low magnetic ﬁelds. Possible approaches to these problems include reliable creation of very shallow NV centres with good
optical and spin properties20, using Fourier k-space imaging
techniques with pulsed magnetic ﬁeld gradients of ∼1 G nm−1
(refs 19,36) and exploiting quantum-assisted techniques such
as ‘reporter’ electron spins on the diamond surface coherently
coupled to a shallow NV23 and ancilla nuclear spins as a
quantum memory37.
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ERRATUM

Nanoscale NMR spectroscopy and imaging of multiple nuclear species
Stephen J. DeVience, Linh M. Pham, Igor Lovchinsky, Alexander O. Sushkov, Nir Bar-Gill, Chinmay Belthangady,
Francesco Casola, Madeleine Corbett, Huiliang Zhang, Mikhail Lukin, Hongkun Park, Amir Yacoby and
Ronald L. Walsworth
Nature Nanotechnology http://dx.doi.org/10.1038/nnano.2014.313 (2015); published online 5 January 2015;
corrected online 16 January 2015.
In the version of this Letter originally published online, in Fig. 4f, there was a superfluous blue curve. This error has now been corrected
in all versions of the Letter.

