
DOI: 10.1126/science.1231540
, 557 (2013);339 Science
 et al.H. J. Mamin

Spin Sensor
Nanoscale Nuclear Magnetic Resonance with a Nitrogen-Vacancy

 This copy is for your personal, non-commercial use only.

 clicking here.colleagues, clients, or customers by 
, you can order high-quality copies for yourIf you wish to distribute this article to others

 
 here.following the guidelines 

 can be obtained byPermission to republish or repurpose articles or portions of articles

 
 ): March 10, 2013 www.sciencemag.org (this information is current as of

The following resources related to this article are available online at

 http://www.sciencemag.org/content/339/6119/557.full.html
version of this article at: 

including high-resolution figures, can be found in the onlineUpdated information and services, 

http://www.sciencemag.org/content/suppl/2013/01/30/339.6119.557.DC1.html 
can be found at: Supporting Online Material 

 http://www.sciencemag.org/content/339/6119/557.full.html#related
found at:

can berelated to this article A list of selected additional articles on the Science Web sites 

 http://www.sciencemag.org/content/339/6119/557.full.html#ref-list-1
, 5 of which can be accessed free:cites 28 articlesThis article 

 http://www.sciencemag.org/content/339/6119/557.full.html#related-urls
1 articles hosted by HighWire Press; see:cited by This article has been 

 http://www.sciencemag.org/cgi/collection/physics
Physics

subject collections:This article appears in the following 

registered trademark of AAAS. 
 is aScience2013 by the American Association for the Advancement of Science; all rights reserved. The title 

CopyrightAmerican Association for the Advancement of Science, 1200 New York Avenue NW, Washington, DC 20005. 
(print ISSN 0036-8075; online ISSN 1095-9203) is published weekly, except the last week in December, by theScience 

 o
n 

M
ar

ch
 1

0,
 2

01
3

w
w

w
.s

ci
en

ce
m

ag
.o

rg
D

ow
nl

oa
de

d 
fr

om
 

http://oascentral.sciencemag.org/RealMedia/ads/click_lx.ads/sciencemag/cgi/reprint/L22/1803580667/Top1/AAAS/PDF-R-and-D-Systems-Science-130301/RandD_Systems_2013-March.raw/1?x
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/about/permissions.dtl
http://www.sciencemag.org/content/339/6119/557.full.html
http://www.sciencemag.org/content/339/6119/557.full.html#related
http://www.sciencemag.org/content/339/6119/557.full.html#ref-list-1
http://www.sciencemag.org/content/339/6119/557.full.html#related-urls
http://www.sciencemag.org/cgi/collection/physics
http://www.sciencemag.org/


cesium atoms wCs. This yields its mass as M =
wMħ/c2. The ratio m(Si)/m(133Cs) is between
the effective molar mass of the sphere’s mate-
rial and cesium-133. According to (25), present
data yields the spheres’ mass with an overall ac-
curacy of 30 ppb so that theywould constitute the
most accurately calibrated macroscopic masses
under the proposed CGPM-2011 redefinition—a
testament to the precision achieved in construct-
ing Avogadro spheres.

Although any method for measuring micro-
scopic mass can be used, the Compton clock
offers a transparent connection between the sec-
ond and a microscopic mass on the basis of sim-
ple physical principles without requiring auxiliary
measurements. It directly realizes a long-standing
proposal tomeasuremass in terms of theCompton
frequency (6). The method outlined here offers a
different set of systematic effects as compared
with Watt balances (23, 24), thus serving as an
important test of the overall consistency of the
laws of physics and experimental methods. It is
based on a body’s inertial rather than gravitational
mass. In the context of the present SI, the com-
bination of the Avogadro project and the Compton
clock serves as a measurement of the Planck
constant.

Looking forward, the rapidly developing field
of optomechanics (26) might enable measure-
ments of the single-photon recoil energy of a
nanomechanical mirror. This could result in a
clock referenced to the mass of a mesoscopic
object, or a mesoscopic mass standard. Because
Bragg diffraction of electrons has already been
demonstrated (27), a clock using elementary par-

ticles or even antiparticles is possible. Such clocks
would be useful for testing CPT symmetry or the
Einstein Equivalence Principle for antimatter.

We have demonstrated a clock stabilized to
the rest mass of a particle. It highlights the inti-
mate connection between frequency and mass. It
proves that massive particles can serve as a fre-
quency reference without requiring their mass to
be converted to energy as an explicit illustration
of a key principle of quantum mechanics. Fur-
thermore, we have shown that a single massive
particle is sufficient to measure time.
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Nanoscale Nuclear Magnetic
Resonance with a Nitrogen-Vacancy
Spin Sensor
H. J. Mamin,1 M. Kim,1,2 M. H. Sherwood,1 C. T. Rettner,1 K. Ohno,3 D. D. Awschalom,3 D. Rugar1*

Extension of nuclear magnetic resonance (NMR) to nanoscale samples has been a longstanding
challenge because of the insensitivity of conventional detection methods. We demonstrated the use
of an individual, near-surface nitrogen-vacancy (NV) center in diamond as a sensor to detect
proton NMR in an organic sample located external to the diamond. Using a combination of
electron spin echoes and proton spin manipulation, we showed that the NV center senses the
nanotesla field fluctuations from the protons, enabling both time-domain and spectroscopic NMR
measurements on the nanometer scale.

Both nuclear magnetic resonance (NMR)
spectroscopy andmagnetic resonance im-
aging (MRI) have become indispensable

tools inmany diverse fields of research, including
analytical chemistry, materials science, structural
biology, neuroscience, and medicine (1). The one
major deficiency of NMR is the low sensitivity
of the conventional coil-based induction meth-
od of detection, which prevents its application
to samples at the nanometer scale (2). Much im-
proved detection sensitivity has been achieved
with magnetic resonance force microscopy, which
is based on detecting weak magnetic forces in

the presence of a strong field gradient and has
demonstrated nanometer-scale NMR imaging
at cryogenic temperatures (3). Here, we present
an alternative nanoscale detection method that
works in the absence of amagnetic field gradient,
thus preserving spectroscopic information, and
is operable over a wide range of temperatures,
including room temperature. A single near-surface
nitrogen-vacancy (NV) center in diamond is used
as an atomic-size sensor to detect weak mag-
netic fields originating from nuclear spins ex-
ternal to the diamond. In an initial demonstration,
we detected randomly polarized hydrogen nu-
clei (protons) in an organic polymer. Both time
domain and spectroscopic information were ob-
tained by appropriately manipulating the pro-
tons so as to affect the precession phase of the
highly coherent NVelectron spin. The results sug-
gest that NV-based NMR detection may provide a
path toward three-dimensional nanoscale mag-
netic resonance imaging (nanoMRI) under ambi-
ent conditions (4, 5).

NV centers are proving to be particularly use-
ful for both quantum information processing and
nanoscale magnetic sensing (6–11). The negative-
ly charged center has a spin state with a long
coherence time, especially in isotopically purified
crystals (12, 13), and an electronic-level structure
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that enables a convenient optical initialization and
readout of the spin state. Much previous work
has concentrated on the interactions of NV cen-
ters with nuclear spins internal to the diamond
lattice (14–17), but nanoMRI requires the detec-
tion of external nuclear spins.

The key to effective external spin sensing is to
have the NV center positioned near the diamond
surface while maintaining a long spin coherence
time (18–20). The spin coherence in diamond
can be adversely affected by magnetic fluctua-
tions from 13C nuclear spins and various para-
magnetic centers, such as nitrogen P1 centers and
surface dangling bonds (21). In our experiments,
the NV center was embedded in a layer of iso-
topically pure 12C diamond grown epitaxially
on top of an electronic grade (001)-oriented dia-
mond substrate by plasma-enhanced chemical
vapor deposition (Fig. 1A). NV centers were
formed ~20 nm below the surface by briefly in-
troducing 15N2 gas during the growth process,
followed by electron irradiation to create va-
cancies and annealing at 850°C to mobilize the
vacancies and mitigate lattice damage (13, 22).
Despite their proximity to the surface, the re-
sulting NV centers (Fig. 1B) had long electron
spin coherence times T2e, on the order of 600 ms
as determined byHahn spin echo measurements
(Fig. 1D). This long spin coherence is critical
for achieving the sensitivity required for these
experiments.

The experimental apparatus consisted of a
home-built scanning confocal microscope that
uses 532-nm laser radiation to probe the NV
center. Fluorescence from the NV center in the
wavelength range of 600 to 800 nm was de-
tected with an avalanche photodiode and gated
photon counter. The fluorescence intensity is
indicative of the NV spin state because thems = 0
spin state fluoresces with ~30% greater bright-
ness than the ms = T1 states. To manipulate the
spins in both the diamond and the polymer, a
3.6-mm-wide microwire was lithographically
fabricated on the diamond surface and driven
by a programmable microwave (MW) synthesizer
for NV spin control and a radiofrequency (RF)
function generator for proton spin control. The
proton-containing sample was a 60-nm-thick
layer of poly(methyl methacrylate) (PMMA)
with proton density rN ≈ 57 nm–3 formed by
spin casting on the diamond surface. A back-
ground magnetic field B0 of 70 to 80 mT from
a permanent magnet was accurately aligned to
the NV symmetry axis (along the diamond [111]
axis).

Several different protocols are possible for
detecting weak magnetic signals from relatively
distant nuclear spins. For the detection of internal
13C nuclear spins, multipulse sequences, such as
the Carr-Purcell-Meiboom-Gill (CPMG) sequence,
have been used to selectively couple the NV cen-
ter to the Larmor-frequency magnetic field ema-
nating from freely precessing nuclei (15–17). This
approach is effective when the nuclear spin pre-
cession has a T*2n correlation time comparable

to or exceeding the electron spin coherence time
T2e of the NV center. By contrast, for a typical
solid-state organic sample, the nuclear spin cor-
relation time is greatly reduced by strong dipolar
interactions among the densely packed protons.
Conventional proton NMR measurements on
our PMMA material found T2n and T*2n to be 18
and 14 ms, respectively, much shorter than the
600-ms coherence time of the NV center. Thus,
there is a mismatch in the time scales, and the
nuclear spin precession will not remain coher-
ent for the full duration of a long multipulse
sequence (20). Rather than sensing the Larmor
precession of the protons, we coupled the NV
center to the longitudinal magnetization, which
has a correlation time given by the spin-lattice
relaxation time T1n, on the order of seconds at
room temperature.

As evident in Fig. 1C, the effective sample
volume probed by the NV center was small, on
the order of (24 nm)3. Because of the small
volume and low polarizing magnetic field, the
proton polarization was dominated by

ffiffiffiffi

N
p

sta-
tistical fluctuations, where the number of pro-
tons Nwas of order 106 (23). Although the mean
proton polarization was negligible, statistical fluc-

tuations of the longitudinal polarization were de-
tected by their effect on the phase of the NV spin
precession (20, 24–27). We started by polarizing
the NV center to thems ¼ 0 spin state with a 4-ms
laser pulse (Fig. 2A). The NV center was then
driven withMW pulses in a spin echo sequence
with total echo time t in the range of 300 to 440 ms.
Synchronous with the spin echo sequence, we
applied two identical RF pulses separated in time
by t/2, with each pulse consisting of exactly 30 sine
wave cycles (approximating NMR p pulses). The
first RF pulse set up an initial random longitu-
dinal polarization for the first half of the echo
sequence. The second RF pulse inverted this po-
larization for the second half. The inversion of
proton polarization reversed the proton dipolar
magnetic field BN(t) acting on the NV center and
upset the equivalence of the NV spin precession
for the two halves of the spin echo, thus reducing
the spin echo amplitude. The identical nature of
the RF pulses minimized any spurious effect
they might have on the NV spin echo because
identical disturbances during the two halves of
the echo sequence should cancel. The spin echo
sequence was typically repeated several million
times to accumulate sufficient photon counting

Fig. 1. Basic configuration of NV-NMR detection. (A) Sample geometry with [111]-oriented NV spin
embedded 20-nm deep within 12C diamond layer. The NV center detects NMR of protons in the PMMA
polymer layer. (B) Fluorescence image of sample surface showing microwire and NV center (circled). (C)
Cross-section of the PMMA layer showing calculated spatial dependence of proton detection sensitivity.
Half of the proton signal originates from a volume of (24 nm)3. The two lobes are a consequence of the
54.7° tilt angle of the NV axis with respect to the surface normal. (D) Normalized spin echo response versus
total echo time. Solid curve is a fit of measured data points using the model x0(t)¼ exp[−(t/T2e)n]. Fit
parameters give n ¼ 2:17 and T2e ¼ 606 ms.
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statistics and to ensure that many different ran-
dom polarization states of the sample protons
were probed.

The spin echo response as a function of the
frequency of the RF pulses (Fig. 2B) displayed
distinct dips when the RF frequency matched

the proton NMR frequency. As expected, the RF
frequency for the dip depended on the magnitude
of the applied static field B0. The dip frequency
as a function of field was well fit by a line with
slope 42.6 MHz·T–1 (Fig. 2C), which matches the
gyromagnetic ratio for protons. When the PMMA
layer was removed from the diamond, the signal
disappeared, indicating that the proton signal
does indeed originate from the polymer and not
from hydrogen contamination within the dia-
mond (bottom curve in Fig. 2B).

The amplitude of the proton magnetic field
fluctuations can be estimated from the depth of
the dips in Fig. 2. The precession phase imbalance
accumulated during the spin echo is given by
df ¼ g∫t=20 BN ðtÞdt − g∫tt=2BN ðtÞdt, where g =
2p × 28 GHz·T–1 is the NVelectron spin gyro-
magnetic ratio. Assuming df is a normally distrib-
uted random variable with zero mean, the resulting
spin echo amplitude is xðtÞ ¼ x0ðtÞ〈cosdf〉 ¼
x0ðtÞexpð−〈ðdfÞ2〉=2Þ. Here, x0(t) is the nor-
malized spin echo amplitude in the absence of
proton reversals (Fig. 1D), 〈⋯〉 indicates mean
value, and 〈ðdfÞ2〉 is the variance of the accumu-
lated phase, which depends on both the magni-
tude and correlation properties of the proton field
fluctuations (20). For Tln >> t, where BN(t) is
essentially static for the duration of an individual
echo sequence (except for the RF-induced inver-
sion), 〈ðdfÞ2〉 ¼ g2t2〈B2

N 〉. Combining this equa-
tion with the expression for x(t), we find 〈B2

N 〉 ¼
ð2=g2t2Þlogðx0ðtÞ=xðtÞÞ, which simplifies for
small fields to 〈B2

N 〉 ¼ ð2=g2t2ÞDx=x0ðtÞ, where
Dx=x0ðtÞ ¼ ½x0ðtÞ − xðtÞ�=x0ðtÞ is the fractional
change in spin echo amplitude.

The dips in Fig. 2Bhad depths thatwere roughly
Dx/x0(t) = 0.20, which from the above expressions

Fig. 2. Nanoscale NMR detection. (A) Pulsing scheme in which RF pulses serve to invert sample protons
during the NV spin echo. Measurements are made with two different initial p/2 pulse phases. (B) Relative spin
echo response as a function of RF frequency. With the PMMA sample present, clear dips are seen when the RF
frequency matches the proton Larmor frequency. No dip is evident after PMMA has been removed. Curves are
offset vertically for clarity. Total echo timewas 300ms. (C) Center frequency of dips versus external fieldB0. Line
shows expected dependence based on the proton gyromagnetic ratio.

Fig. 3. Time domain measurements and NMR spec-
trum taken at B0 = 79.5 mT. (A) Spin echo sequence
with an RF pulsing scheme similar to a Ramsey
fringe. The effectiveness of proton inversion depends
on evolution time tn. RF pulses consist of 15 sine
wave cycles and approximate NMR p/2 pulses. (B)
Proton-induced oscillation of spin echo response x as
a function of tn measured in steps of 32 ns. The os-
cillation frequency matches the expected 3.38-MHz
proton precession frequency. (C) Proton-induced
oscillation of spin echo signal for a longer record
where the sampling period is 336 ns. Undersampling
of the waveform causes the apparent frequency to be
shifted to 396 kHz due to aliasing. Initial decay
during the first 15 ms is evident. (D) Solid curve: NV-
based NMR spectrum obtained by cosine transform
of data in (C). Frequencies have been shifted upward
by 2.976 MHz to compensate for the aliasing effect.
Dashed curve: Conventional 500-MHz NMR proton
spectrum of PMMA that has been plotted to overlay
the NV-based spectrum.
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gives the root-mean-square magnetic field Brms ≡
〈B2

N 〉
1=2 ¼ 12 nT‐rms, a value substantially less

than expected. For a thick polymer layer, the field
was expected to be Brms ≈ Cm0mpr

1=2
N =d3=2,

where C ¼ 1=8
ffiffiffiffiffi

2p
p

≈ 0:050, m0 is the perme-
ability of free space, mp is the proton magnetic
moment, and d is the depth of the NV center
(22, 24). Assuming a NV depth of 20 nm gives
Brms = 75 nT-rms, substantially greater than the
experimental value. The cause of this discrepan-
cy is not presently understood, but could be the
result of greater-than-expected NV depth or in-
efficiency in the proton inversions by less-than-
ideal RF field amplitude (estimated to be about
1 mT).

The signal-versus-frequency curves in Fig.
2B represent a crude form of NMR spectros-
copy, but the dips are broadened by the am-
plitude of the RF pulses. To obtain higher spectral
resolution, we implemented a Fourier trans-
form technique resembling that used in conven-
tional high-resolution NMR spectroscopy, where
a time domain “free induction decay” (FID) is
Fourier transformed to obtain the NMR fre-
quency spectrum (1). We modified our pulse se-
quence by splitting each RF p pulse into a pair of
p /2 pulses (Fig. 3A). We then incremented the
spacing tn of the p /2 pulses in amanner similar to
a Ramsey fringe experiment while monitoring the
effect on the NV spin echo. This pulsing scheme
differed from a conventional Ramsey experiment
in that the frequency of the RF pulses was at the
proton frequency and not at an offset frequency,
and theRFpulseswere not gated froma continuous-
wave oscillator, but were triggered waveforms con-
sisting of exactly 15 sine wave cycles.

As the pulse spacing tn was scanned, the NV
spin echo response oscillated with a period that
matched the proton Larmor frequency (Fig. 3B).
This time domain response is roughly equivalent
to a conventional FID in NMR, but is based on
the correlation of the precession of the statistical
proton polarization. No oscillations were seen if
the RF frequency was far off the NMR resonance
(e.g., by 600 kHz) or if the PMMAwas removed
(fig. S2).

To obtain a longer time record, we recorded
the spin echo response using coarser steps in tn
(Fig. 3C). The coarser steps allowed faster ac-
quisition of a long time record, but undersam-
pled the Larmor frequency oscillation, resulting
in an “aliasing” effect where the Larmor preces-
sion frequency appeared to have shifted to a lower
frequency. Despite the undersampling, the pre-
cession oscillations were clearly seen and de-
cayed substantially during the first 15 ms, similar
to the T*2n time scale expected for PMMA. After
the initial decay, some oscillations persisted to the
end of the 50-ms-long record, which was unex-
pected for a solid-state polymer given the short
T*2n. This unexpected persistence of the appar-
ent proton coherence is not understood, although
it suggests that some component of the sam-
ple, perhaps residual solvent, has a longer than
expected T*2n.

By applying a cosine transform to the time
domain data, we obtained the frequency spectrum
shown in Fig. 3D. The spectrum shows a single
narrow peak at the proton Larmor frequency
(after correcting for aliasing) with full width at
half-maximum of ~20 kHz. Some broadening at
the base of the peak is also evident. For compari-
son, we overlay a conventional NMR spectrum
taken at 11.7 T, which also shows just a single
central peak with a width that closely matches that
of the NV-based spectrum.

The detection of external nuclear spins using
a single NV center represents an important first
step toward NV-based nanoMRI. Looking for-
ward, it is instructive to evaluate current sensi-
tivity levels and project possible improvements
in the context of future imaging experiments.
For the detection of the random fields with our
protocol, the minimum detectable mean-square
magnetic field [i.e., with unity signal-to-noise ra-
tio (SNR)] is given by B2

min ¼ A=g2t3=2T1=2
a ,

where Ta is the total acquisition time (22). The
parameter A characterizes the photon-counting
rate and spin-dependent contrast and is given
byA ¼ 2

ffiffiffi

2
p ða0 þ b0Þ1=2=ða0 − b0Þx0ðtÞ, where

a0 and b0 are the average number of photons
detected per echo for the NV in the ms ¼ 0 and
T1 states, respectively. Under the present condi-
tions of a0 = 0.02, b0 = 0.014, t = 440 ms, and
x0(t) = 0.60, and assuming the longest practical
dwell time for an imaging application to be Ta =
60 s, we find that Bmin = 8 nT-rms.

Using the results of numerical calculations,
we can interpret the minimum detectable field in
terms of the volume of protons needed to produce
such a field (22). Assuming a cubic volume ele-
ment (voxel) located 20 nm above the NV cen-
ter on the diamond surface, we find that the voxel
size producing 8 nT-rms is (4.3 nm)3. Here, we
have taken into account the 54.7° angle between
the [111]-oriented spins and the (001) surface
normal and assumed optimal lateral placement of
the voxel. If we require a signal-to-noise ratio of
10, the corresponding volume element would be
(12 nm)3. Many technical improvements in
NV signal detection have been previously dem-
onstrated that would enhance the spin sensi-
tivity even further. For example, if we assume a
fivefold improvement of fluorescence detection
using microfabricated photonic structures (18, 28)
and a reduction of NV center depth to 5 nm with
T2e = 200 ms (13), we find that Bmin = 15 nT-rms
for a 60-s acquisition time. The reduced NV
depth would greatly improve the sensitivity to the
protons on the surface, yielding unity SNR for a
volume element of only (0.2 nm)3, essentially
single-proton sensitivity, if a (111)-oriented dia-
mond surface is assumed. If we demand a SNR
of 10 and require the ability to image at least 5 nm
deep into the sample, the corresponding volume
element is (1.8 nm)3. Although many technical is-
sues still remain, the potential for three-dimensional
nanoscale imaging with room-temperature oper-
ation, elemental selectivity, and no radiation dam-
age suggests that NV-based nanoMRI could become

an important complement to current state-of-the-
art molecular imaging techniques, such as cryo-
electron tomography (29) and noncontact atomic
force microscopy (30).
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