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We report bulk, room-temperature hyperpolarization of 13 C nuclear spins observed via highfield nuclear magnetic resonance (NMR). The hyperpolarization is achieved by optical pumping
(OP) of nitrogen vacancy defect centers in diamond accompanied by dynamic nuclear polarization
(DNP). The technique harnesses the large optically-induced spin polarization of NV− centers at room
temperature, which is many orders of magnitude greater than thermal equilibrium polarization and
typically achievable only at sub-Kelvin temperatures. Transfer of the spin polarization to the 13 C
nuclear spins is accomplished via a combination of OP and microwave irradiation. The OP/DNP
is performed at 420 mT, where inductive detection of NMR is feasible, in contrast to the typically
exploited level anticrossing regimes at 100 mT and 50 mT. Here, we report a bulk nuclear spin
polarization of 6%. This polarization was generated in situ and detected with a standard, inductive
NMR probe without the need for sample shuttling or precise crystal orientation. Hyperpolarization
via OP/DNP should operate at arbitrary magnetic fields, enabling orders of magnitude sensitivity
enhancement for NMR of solids and liquids at ambient conditions.

Nuclear magnetic resonance spectroscopy (NMR) and
imaging (MRI) are indispensable techniques in fields
reaching from chemistry and materials to biology and
medicine. The appealing non-destructive nature and
broad range of applications for these techniques notwithstanding, they are subject to several limitations. Significant among these limitations is the low NMR signal sensitivity of the weakly magnetized nuclear spins at room
temperature, where the polarization can be less than one
part per million. An intensive, ongoing goal of contemporary magnetic resonance is the development of methods to produce non-thermal states of nuclear spin hyperpolarization. Examples include: spin exchange optical
pumping of noble gasses with alkali vapors [1–4]; optical
pumping of semiconductors [5, 6]; parahydrogen induced
polarization [7–9]; low temperature dynamic nuclear polarization (DNP) [10–13]; chemically induced DNP [14];
and optical pumping with DNP of excited triplet states
in organic solids [15].

tended to low fields away from the anticrossing and to
arbitrarily oriented NV− centers using microwave irradiation [24]. Bulk 13 C polarization has been generated at
high field and low temperature and attributed to the coupling of the nuclear spins to the dipolar energy reservoir
of the NV− ensemble [25]; the precise mechanism remains
unclear. Furthermore, a recent proposal has suggested
the use of shallow NV− centers as a source for direct polarization transfer to a surrounding liquid [26]. Particularly desirable would be a general method to produce hyperpolarization in situ under the same magnetic field and
temperature conditions as the NMR experiment using
an inert, non-toxic, and easily separated source. In our
method, optical pumping of diamonds coupled with DNP,
under ambient conditions, obviates the need for cryogenic
temperatures, sample shuttling, and precise crystal orientation and magnetic field strengths, thereby providing
such a general method for high-sensitivity NMR at arbitrary field strength.

Nitrogen vacancy (NV− ) centers in diamond, with
their optically-polarized spin states and optical spin readout, have provided a means to detect nuclear spins with
high sensitivity and spatial resolution resulting, most recently, in the detection of a single proton spin [16–20].
Nuclear spins hosted within the diamond lattice have
been hyperpolarized using level anti-crossings that occur at specific crystal orientations and magnetic field
strengths [21, 22]. Evidence of nuclear spin hyperpolarization of proximate 13 C spins was deduced from
optically-detected magnetic resonance (ODMR) spectra
at the level anticrossing fields and subsequently confirmed at a value of approximately 0.5% in bulk by shuttling the diamond sample to a higher magnetic field for
NMR detection [23]. These techniques were then ex-

The electronic ground state of the NV− center is a
spin-1 triplet with a zero-field splitting D = 2.87 GHz
between the ms = ±1 and ms = 0 states. The ms = 0
state is preferentially populated via optical pumping with
a 532 nm laser and spin-dependent nonradiative decay
rates. Applying a magnetic field along the defect symmetry axis lifts the degeneracy of the ms = ±1 states and
gives rise to two distinct magnetic resonance transitions
observable by ODMR. ODMR relies on a reduction in
the fluorescence intensity induced by depopulation of the
ms = 0 state (Fig. 1). In our experiment, 13 C spins in
a 4.5 mg diamond are hyperpolarized by DNP using an
optically-polarized microwave transition. A strong NMR
signal was observed from this natural isotopic abundance
sample after accumulating 60 scans with a repetition time
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of 60 seconds (Fig. 2). For comparison and calibration,
after accumulating 12676 scans with a repetition time of
10 ms, a 10 µl sample of Gd(III)-doped liquid dimethylsulfoxide (DMSO) enriched to 99% 13 C gave an NMR
signal lower than the diamond by a factor of ∼12. From
the ratio of the numbers of 13 C nuclei in the diamond and
DMSO samples (0.015), the number of scans needed for
each, and the ratio of signal amplitudes, the maximum
bulk 13 C polarization in the diamond is estimated to be
6%. The nuclear spin polarization builds up over several
minutes (Fig. 3b). We attribute the dynamics to the
coupled processes of DNP of nuclear spins proximate to
the NV− centers, nuclear spin diffusion to the bulk material [27, 28], and spin-lattice relaxation. This process
is shown schematically in Fig. 3a. The mechanisms for
DNP using paramagnetic impurities in diamond are well
known [27] and summarized in the supplementary material. The OP/DNP process is expected to be effective at
arbitrary orientations of the NV− defects, since the process depends on a matching of the microwave frequency
to a given transition, rather than a precise field strength
and orientation. To test this idea, the sample was rotated 90◦ around the axis perpendicular to the laser and
magnetic field. This ensured that no NV− centers were
aligned with the magnetic field. An ODMR signal was
found at 14,402 MHz, which corresponds to an NV− misalignment of 14◦ from the field, and DNP data were collected in this region (Fig. 3c), showing 13 C spin polarization approaching 2%. The effectiveness of the DNP for
misaligned NV− centers will be critical for the extension
of this technique to randomly oriented powders.
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FIG. 1. a) Energy levels and transitions for an NV− center in
diamond. Optical pumping with green light at 532 nm induces
transitions from the ground state spin-1 triplet to the excited
triplet state. Subsequent to vibrational relaxation, fluorescence is detected in the red and near-IR. Spin conserving
optical transitions and spin-dependent non-radiatve intersystem crossings lead to a preferential population of the ms = 0
ground state producing electron spin hyperpolarization of the
NV− center. b) Application of a magnetic field aligned along
the NV− axis lifts the degeneracy of the ms = ±1 states,
yielding two transitions that can be driven with microwave
irradiation. The two transitions, c) between ms = 0 and
ms = −1 and d) between ms = 0 and ms = +1, are observed
by optically-detected magnetic resonance (ODMR) through a
reduction in the fluorescence intensity caused by a depletion
of the ground ms = 0 state.
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FIG. 2. a) NMR spectra of 13 C at natural abundance in diamond after the accumulation of 60 scans under DNP for 60
seconds at 8895 MHz (blue) and 8907 MHz (red). b) NMR
spectrum of 99% 13 C-enriched acetonitrile after accumulating
12676 scans. The diamond DNP signal corresponds to a polarization on the order of 6%, an enhancement of ∼170,000 over
thermal equilibrium. 13 C nuclear polarization as a function
of applied microwave frequency at the c) ms = 0 to ms = −1
and d) ms = 0 to ms = +1 NV− transitions. The opposite signs of these two curves are consistent with the opposite
electron spin polarizations of the two NV− transitions. Data
W
were acquired with a laser intensity of 16 cm
2 and microwave
power of 1.3 W.

12

b)
10
9
8
7
6
5
4

2
1.5
1
0.5
0

-0.5

3
2

-1

-1.5

1
0

C

c)
C Spin Polarization (%)

−10

0

20

40

60

80 100 120 140 160 180

Polarization Time (s)

13

10

8

-8
8885

13

0.4

−0.2

−5
0
5
NMR Offset (kHz)

13

13

C Spin Polarization (%)

c)

0.6

NMR Amplitude (Arb. Units)

−10

a)

b)

15

Signal Intenisty (Arb. Units)

Signal Intenisty (Arb. Units)

a)

-2
14385 14390 14395

14400 14405 14410 14415

Microwave Frequency (MHz)

FIG. 3. a) Schematic representation of the DNP process. Direct polarization near NV− centers (red) gives rise to 13 C
(green) spin hyperpolarization. Spin diffusion carries the polarization (blue) to the bulk material until a steady-state is
reached. b) Time dependence of 13 C spin polarization obtained by 13 C NMR at 4.5 MHz. Beyond approximately 100
seconds the spin polarization has reached a steady state that
represents a balance between the hyperpolarization/spin diffusion process and the spin lattice relaxation of the nuclear
spins.

These results introduce a methodology for hyperpolarization of diamond samples that we anticipate can be efficiently translated to crafted high surface area diamond
crystals and nanocrystals in arbitrary magnetic fields and
crystal orientations, thereby providing a source of hyperpolarization that can be transferred to solid and liquid
samples under ambient and near-ambient conditions. We
envision highly enhanced NMR of liquids and solids, including freeze thaw cycles under mild variable temperature conditions to enable solid-state polarization transfer
for liquid samples while maintaining compatibility with
biological systems. Hyperpolarization of samples in contact with diamonds and subject to solid-state cross polarization [29] or liquid-state cross relaxation [30] represents a robust extension of polarization transfer mechanism previously demonstrated from hyperpolarized 129 Xe
to solid [31] and liquid samples [32].
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SUPPLEMENTAL MATERIAL
METHODS

In order to investigate dynamic nuclear polarization (DNP) effects with nitrogen vacancy (NV− )
centers, we constructed a combined dynamic nuclear polarization/optically-detected magnetic resonance/nuclear magnetic resonance instrument, shown
schematically in Fig. S1. The magnetic field is supplied by a custom-built electromagnet (Tel-Atomic) and
is set to 420 mT. A Coherent Verdi G15 laser delivers
532 nm illumination to the sample through a Gaussian
beam with a waist of 1.5 mm, essentially illuminating the
entire surface of the diamond with an intensity up to 16
W
cm2 . Fluorescence is separated from excitation light by
a dichroic mirror and detected by an avalanche photodi-
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ode. Optically-detected magnetic resonance (ODMR) is
performed by monitoring the diamond fluorescence while
varying the applied microwave frequency. Microwave
irradiation is delivered to the sample by a microwave
loop of diameter 9.6 mm. NMR was performed using
a Magritek Kea 2 spectrometer with a homebuilt 50-turn
planar coil probe tuned to ∼ 4.5 MHz.

A commercially-available 2 × 2 × 0.32 mm, h100i
surface-orientation single crystal of synthetic highpressure, high-temperature diamond (Sumitomo) was acquired. Electron irradiation at 1 MeV with a fluence of
1018 cm−2 followed by annealing at 800◦ C yielded an ensemble of NV− centers. NV− concentration under these
conditions is expected to be on the order of 1018 cm−3 [33].
The crystal was mounted on a goniometer inside the electromagnet, and one of the h111i axes was aligned with
the magnetic field by monitoring the ODMR spectrum.
In this orientation, there are three equivalent ODMR
spectra of the NV− centers along h111i axes at an angle
of 109.5◦ with respect to the magnetic field and a single ODMR spectrum corresponding to the aligned NV−
centers. With the field set to 420 mT, ODMR and DNP
were performed using microwave fields at 8, 900 MHz and
14, 600 MHz. For the misaligned NV− data, the sample
holder/NMR probe was rotate 90 degrees around the vertical axis, which is perpendicular to both the magnetic
field and laser. In this configuration, the relative orientation of the NMR coil and magnetic field is identical to
the “aligned” measurements, and the same experimental
parameters are valid. A separate reference measurement
(described later) was performed for this configuration in
case of unintended variations of the NMR sensitivity.

DNP data were acquired by polarizing for 60 s unless
otherwise noted. Then, a π2 NMR pulse of duration 10 µs
generated transverse magnetization that was inductively
detected. Time-domain NMR data were apodized by exponential multiplication with a decay constant of 1 ms.
After application of phase correction and a fast Fourier
transform algorithm, frequency-domain spectra were fitted to single Lorentzian functions. The nuclear polarization was taken to be proportional to the amplitude of
the fitted peak; error bars represent the 95% confidence
intervals for the amplitude. The polarization buildup
was monitored with a saturation recovery pulse sequence,
where the polarization was initially destroyed with a series of π2 pulses followed by a variable polarization time
and NMR detection. The buildup data were processed
separately by exponential apodization and Fourier transform with Magritek Prospa software, followed by phase
correction and fitting to Lorentzian functions to extract
the amplitude.

VALIDITY OF EXTERNAL CALIBRATION

Typically, when performing quantitative NMR studies
a reference sample of known quantity is mixed with the
sample and observed under identical conditions. However, observing 13 C NMR at 420 mT is inherently difficult
due to the low sensitivity, and without hyperpolarization
it is impossible to observe an NMR signal with the same
number of scans as the DNP experiments. We therefore
used a 99% 13 C enriched sample of dimethyl sulfoxide,
doped with gadolinium (III) to achieve a spin-lattice relaxation time less than 2 ms. This allowed accumulation the of more than 10,000 scans needed to achieve a
sufficient signal-to-noise ratio for the thermally-polarized
liquid whose polarization was 3.5 × 10−7 .
In order for the calibration to be accurate, several conditions must be met. First, all the parameters of the
NMR experiment must remain constant, including pulse
parameters and the quality factor of the resonant probe.
Additionally, the reference sample should match the diamond in shape and be positioned identically with respect
to the NMR coil to avoid miscalibration from the inhomogeneous sensitivity of the NMR coil. Care was taken to
maintain all experimental parameters, but the problem
of inhomogeneous sensitivity requires additional consideration. As it was impractical to use a liquid sample with
identical dimensions as the diamond (2 mm × 2 mm ×
0.32 mm), a cylindrical liquid sample of diameter 3.7 mm
and approximate depth 2 mm was used. Assuming the
pulse parameters are calibrated to give a π2 rotation at
the center of the coil, the rotation angle was estimated
as a function of position by numerically simulating the
magnetic field (B1 ) of the RF coil. Sensitivity to sample magnetization is also proportional to B1 , and these
values were combined to create a map of sensitivity as
function of position (Fig. S2). From these simulations it
was estimated that the NMR sensitivity for the DMSO
liquid reference sample was approximately 99% that of
the diamond sample, and we conclude that RF field inhomogeneities do not cause significant error in the calibration.
There are a variety of other possible sources of error
in the calibration of the diamond 13 C polarization, including the measurement of the number of spins in the
diamond and DMSO sample, the deviation of the coil
sensitivity from the numerical simulations, and possible
drifts in the quality factor of the probe. However, the primary source of error is expected to be the noise relative to
the weak calibration signal. This noise was characterized
by fitting the DMSO spectrum with a Lorentzian function as described earlier and obtaining an error estimate
of 6.7%. This error applies uniformly to the calibration
of all DNP data and is thus not represented as individual error bars. This possible error does not affect the
conclusions of this study.
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MECHANISMS OF DYNAMIC NUCLEAR
POLARIZATION

The mechanisms for DNP via fixed paramagnets in insulating solids are well known and described elsewhere
[27, 28, 30]. We briefly review the relevant mechanisms
here. For a diamond containing 13 C and NV− spins,
there exist transitions at frequencies ωN V ± ω13 C involving simultaneous nuclear and electron spin flips that are
nominally forbidden in the absence of electron-nuclear
coupling. Dipolar coupling of these spins creates a nonzero transition probability, and a sufficiently strong microwave field may then drive the transition. These transitions are either zero quantum (induced by coupling terms
of the form S ± I ∓ ) or double quantum (S ± I ± ) and may
be selected by frequency. Since optical pumping of the
NV− center populates the ms = 0 states, each of these
transitions is polarized and the effect of driving the forbidden transitions is to preferentially induce nuclear spin
flips of a particular sign. Thus, the net result of the
combined optical pumping and microwave irradiation is
to preferentially populate one of the nuclear spin states.
This is known as the the “solid effect” method of DNP,
since it relies on the dipolar interaction of fixed spins in
solids [27, 28, 30].
If, however, the NV− spin transitions are homogeneously broadened by their mutual dipole-dipole interactions, as is the case with high NV− concentrations,
then there exist energy-conserving transitions that involve a nuclear spin flip accompanied by multiple NV−
spin flips. In this case the “dipolar energy reservoir” of
the NV− centers is in thermal contact with the nuclear
spins. This coupling can provide a relaxation pathway for
the nuclear spins or, if the dipolar “spin temperature”
is perturbed by optical pumping or microwave saturation, it can provide a second method of DNP known as
“thermal mixing” [25, 27, 34]. Application of microwave
irradiation connects the dipolar energy reservoir to the
electron Zeeman energy in the rotating frame [35], and
thus provides a pathway for electron spin polarization
transfer to nuclei. The solid effect and thermal mixing
DNP have similar dependencies on microwave frequency,
where the maximum polarization occurs approximately
±ω13 C offset from the center of the ODMR transition.
The results presented here likely contain contributions
from both solid-state effect and thermal mixing effects.
We expect the relative magnitudes of these effects to be
sample dependent, owing to differing NV− concentration.

MICROWAVE AND LASER POWER
DEPENDENCE

The effectiveness of the OP/DNP process was found
to increase slightly with laser intensity. While the exact

relationship between laser intensity and NV− spin polarization under these conditions is unknown, it is clear
that optical absorption is significant over the depth of
the diamond. The optical absorption coefficient in the
diamond is approximately 9 mm−1 , and at thickness of
0.32 mm, only 6% of the light is transmitted. Increasing the laser light then effectively increases the volume
of the sample that is highly polarized as well as possibly
increasing the degree of polarization near the surface of
the sample. The Fig. S3 shows DNP data as a function
of laser intensity.
The effectiveness of OP/DNP also increases with applied microwave power (Fig. S4). This is expected
for DNP in diamond, where the solid effect or thermal
mixing mechanisms of DNP are expected to contribute.
In the case of the solid-effect, the increased microwave
power will more effectively drive the “forbidden transitions” involving mutual spin flips of 13 C and NV− spins.
For thermal mixing, the microwaves drive the NV- dipole
energy reservoir into equilibrium with rotating frame spin
temperature of the NV− centers. In each case, stronger
microwave irradiation results in more efficient transfer of
polarization.

Microwave Loop

NMR Probe

420 mT
Electromagnet

Dichroic Mirror

532 nm Laser

To Photodetector

FIG. S1. Experimental setup for optically detected magnetic
resonance, dynamic nuclear polarization, and nuclear magnetic resonance. An unfocused 532 nm laser beam provides
optical pumping. A tuned NMR probe provides RF irradiation and detection while a microwave loop provides microwave
irradiation.
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FIG. S2. a) Cross-section of field lines for RF pulses from
planar NMR coil. b) Effective RF field perpendicular to the
static magnetic field oriented 45◦ to the coil axis. c) Normalized nuclear magnetization generated by a nominal π2 pulse.
d) Overall NMR sensitivity as a function of position, accounting for generation of transverse nuclear magnetization and
inductive sensitivity of the coil.
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FIG. S3. DNP curves obtained with varying laser intensity:
W
W
W
a) 11 cm
2 , b) 16 cm2 , c) 45 cm2 . Increased laser intensity
results in a slight increase in nuclear polarization.
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FIG. S4. Nuclear spin polarization as a function of microwave
W
power after 60 s of DNP at 8896 MHz and 16 cm
2 illumination.

