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Abstract

Nuclear magnetic resonance (NMR) spectroscopy and imaging (MRI) are of ex-
traordinary importance in natural and life sciences. The signal observed in these
measurement techniques crucially depends on the degree of nuclear spin polariza-
tion. Optically-pumped nitrogen-vacancy (NV) centres in diamond show an electron
spin polarization exceeding 92% [1], which is several orders of magnitude higher than
thermal nuclear spin polarization at conditions typical for NMR measurements. This
high electron spin polarization can be transferred to nuclear spins leading to a po-
larization above the thermal, equilibrium condition, the latter being limited by the
Boltzmann distribution. The transfer of optically-pumped NV electron spin polar-
ization to nuclear spins is the main topic of this thesis. The polarization transfer via
coherent polarization methods was demonstrated with a bulk sample polarized in a
conventional electron paramagnetic resonance (EPR) spectrometer. These experi-
ments were repeated on the single electron spin level and a measurement technique
was developed working on the principle of polarization read-out via polarization
inversion (PROPI). Using this method different polarization techniques were bench-
marked including nuclear orientation via electron locking (NOVEL), the integrated
solid effect (ISE), and the PulsePol sequence, which was demonstrated to have high
robustness whilst keeping good efficiency. Moreover, NOVEL was utilized to demon-
strate transfer of polarization from single, shallow NV centres to nuclear spins in
oil molecules on the diamond surface. The described dynamic nuclear polarization
(DNP) methods are not the only way to speed up NMR measurements. The matrix
completion algorithm was applied to a single NV two-dimensional spectrum in order
to accelerate data acquisition, leading to a reconstruction of the spectrum by using
only 10% of the original measurement data. The findings presented in this thesis
might contribute to goals such as hyperpolarized nano-scale sensing, high-signal-to-
noise NMR, allowing small sample sizes or fast data acquisition, and the initialization
of a quantum simulator based on nuclear spins around a central electron spin.
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1 Introduction

During the 19th century phenomena like discrete spectral lines, photo-electricity
and tunnelling of electrons were observed and described. Only at the beginning
of the following century were physicists able to attribute these findings to be of a
quantum nature. Those discoveries fuelled a technological revolution and paved the
way to modern computers, based on transistors; novel ways of communication using
lasers; revolutionized navigation with the global positioning system (GPS), based
on atomic-clocks; and innovative medical diagnostics, with the magnetic resonance
imaging.
These days, a second technological revolution is expected exploiting more ad-

vanced quantum effects like entanglement, which are established in research labor-
atories around the world [2]. Areas of innovation are quantum computers, secure
communication, quantum simulations and sensing [3]. For all these applications
there are different systems in the race of being the superior platform. The most
popular candidates are trapped ions [4, 5, 6] and atoms [7, 8, 9], photons[10, 11],
solid state qubits like superconducting Josephson junctions [12, 13], and the system
studied in this thesis, the nitrogen-vacancy (NV) centre in diamond.
The NV centre is a unique quantum system with extraordinary properties. A

nitrogen atom incorporated in the diamond lattice combined with a vacancy enables
access to a two-level system, or in other words, a quantum bit. It can have electron
spin coherence times in the order of milliseconds at room-temperature [14] and can
be coherently controlled via microwaves (MWs) [15, 16]. Additionally it is photo-
stable and its electron spin state can be initialized and read-out optically [17, 18].
Furthermore, its electron spin polarization can exceed 92% [1] by simple illumination
with green light.
Polarization of electron and nuclear spins are the basis of electron paramagnetic

resonance (EPR), nuclear magnetic resonance (NMR), and magnetic resonance ima-
ging (MRI). In these methods, typically the quantization axis of spins is defined by
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1 Introduction

an external magnetic field, and the probability of a spin being aligned along this
axis is given by the Boltzmann distribution. The fraction of oriented spins gener-
ates an effective magnetic field. [19], which provides the source for the signal in
magnetic resonance experiments. Hence, the higher the polarization the greater the
signal to be measured. Unfortunately the thermal polarization of nuclear spins is
small even at extreme conditions, such as very low temperatures or high magnetic
fields. In contrast, the exceptional optically induced polarization of the NV centre’s
electron spin is orders of magnitude higher. By transferring the high electron spin
polarization to nuclear spins, a signal enhancement of several orders of magnitude
can be achieved; this process is referred to as dynamic nuclear polarization (DNP)
or hyperpolarization [20].
Nuclear magnetic resonance spectroscopy and imaging are extremely informat-

ive and broadly used analysis tools in chemistry and life sciences [21, 22, 23, 24].
Combining MRI with hyperpolarization methods can increase resolution, contrast
and sensitivity. Long-lived polarization of 13C nuclear spins in nanodiamonds can
be used as MRI tracers. The latter can target desired objects by bonding to biolo-
gical tracers, such as an antibody targeting a tumour. Such diamond nano-particles
could even reach single particle sensitivity in MRI, and thereby become competitive
in sensitivity with positron-emission tomography (PET) imaging, without being ra-
dioactive. Furthermore, it is possible to hyperpolarize biomolecules directly, which
can then be used as tracers themselves. One typical candidate for such a molecule
is pyruvate, which is especially interesting due to its function as a metabolite. With
such molecules a new way of medical imaging can be performed: the metabolic
imaging [25, 26, 27], where not only the tracer is localized, but also the spectral
evolution of each voxel is observed.
After describing one application in detail, it is important to mention that polariz-

ation enhancement not only has potential in conventional magnetic resonance, but
has also a wide range of other uses. Hyperpolarized nuclear spins can extend limita-
tions in classical NMR by facilitating experiments on nano-scale volumes, using, for
example, single NV centres in diamond [28]. Furthermore, polarization techniques
can be used to initialize a nuclear spin bath forming a quantum memory or the basis
of a quantum simulator [29].
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Thesis outline

In the first chapter of this thesis the experiments are described within a general
context. In the second chapter a basic theoretical background is given, with a brief
introduction into NMR and DNP, followed by a description of the NV centre and
its host material diamond. Here, the fundamental measurements needed to prepare
the experiments performed during this thesis are described. The last theory section
focuses on different hyperpolarization methods and gives a brief overview of the
most common DNP methods with NV centres in diamond.

The third chapter summarizes the experiments performed and published during
this thesis. I begin with an experiment that was my personal eye opening event
with regards to the potential of hyperpolarized magnetic resonance. Here, the NMR
signal enhancement achieved through coherent nuclear spin polarization methods
with NV centres in bulk diamond was shown. Although the time frame at the
Bruker facilities, where the experiments were performed, was extremely constrained
to two visits of less than a week, it was possible to set up experiments and to
show a 45-fold signal enhancement compared to a thermal signal at 7T, where the
measurement time was six minutes for the hyperpolarized signal in contrast to the
thermal polarization build-up of 13 hours [30].

Following this experience of working with electron and nuclear spin ensembles
of a bulk diamond, an in-depth study of different DNP methods on a single elec-
tron spin level was performed. First, a reliable polarization measure had to be
developed: Polarization Read-Out via Polarization Inversion (PROPI). Equipped
with this technique we were able to study the polarization build-up of a nuclear spin
bath with a single NV centre. On the quest for a robust hyperpolarization technique,
very broadband chirp pulses were exploited to cover a wide frequency range. Such
broadband methods are needed to excite extensively broad powder spectra in order
to hyperpolarize nanodiamonds, which would enable a manifold of experiments in life
sciences. Landau-Zehner-Stückelberg oscillations were observed while searching for
the ideal polarization parameters of the integrated solid effect. In order to enhance
the robustness of the polarization transfer further, the experimental implementa-
tion of the double quantum polarization was demonstrated. These experiments are
described in chapter 3.2.3 and [31].
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1 Introduction

A further step towards an efficient and at the same time robust polarization
sequence was proposed by theoreticians of the Institute of Theoretical Physics at
Ulm University. Through Hamiltonian engineering a pulsed sequence called PulsePol
was designed, where the effective Hamiltonian corresponds to the one of the NOVEL
polarization method. Shifting the resonance condition from a MW amplitude to the
time-domain via the spacing between MW pulses and using short, broadband pulses
enables a robust and efficient polarization transfer. The experimental demonstration
was performed during this thesis and is described in chapter 3.3.4 and [32].
Polarization of 13C nuclear spins in diamond has a limited field of applications.

Extending this to the transfer of optically pumped NV centre polarization to external
nuclear spins was demonstrated by the polarization loss of shallow NV centres in a
diamond having a target nuclear spin bath on its surface. These experiments are
described in chapter 3.4 and in [33].
The last experiment in this thesis was chronologically one of the first experiments

and describes the measurement speed-up of NMR spectra with a different approach
than in other parts of this thesis, where elevated polarization is exploited. The math-
ematical technique matrix completion enables the reconstruction of a 2D-spectrum
with only 10% of the full data set. This experiment is described in chapter 3.5 and
in [34].
The thesis is summarized and an outlook is given in chapter 4, followed by the

reprint of the articles published during this thesis.
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Theory





2 The Nitrogen-Vacancy Centre
as a Source of Spin Polarization

In this chapter the fundamentals of nuclear magnetic resonance enhanced by optic-
ally induced dynamic nuclear polarization is briefly described. The signal strength
in NMR is crucially dependent on the polarization of nuclear spins and great signal
enhancement can be achieved with above-thermal equilibrium polarization, which
are briefly explained in section 2.1. NV centres in diamond provide a polarization
reservoir exceeding 92% [1] at room-temperature and at arbitrary magnetic field
strengths. Additionally these colour centres offer extraordinary properties as photo-
stability under strong laser illumination, sub-micro-second re-initialization, an inert
host material, and millisecond-long coherence times [14]. NV centres are described
under the proposition of the application for dynamical nuclear polarization in section
2.2.

2.1 Nuclear magnetic resonance (NMR)

Conventional NMR is observed by measuring the voltage in a coil induced by an
alternating magnetic field originated from nuclear spins precessing with their Larmor
frequency. This concept is briefly explained in this section.
The nuclear spin is an intrinsic property of atoms. In case of 1H and 13C its

nuclear spin quantum number mI can be ±1/2 and the states are denoted as |↑〉
and |↓〉. At zero magnetic field the two possible states are degenerate, however,
when applying a magnetic field B0 the Zeeman effect leads to a splitting into the |↑〉
and |↓〉 state. The energy splitting between the two states depends on the magnetic
field B0, the gyromagnetic ratio γ1 and is associated with the Larmor frequency

1For 13C the gyromagnetic ratio is γ13C = 1.07 kHz/G and for hydrogen γ13C = 4.26 kHz/G [35]
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2 The Nitrogen-Vacancy Centre as a Source of Spin Polarization

ωL = 2πγ ·B0. At typical NMR fields (0.3T to 10T) those radio frequencies (RF) are
in the range of Megahertz to hundreds of Megahertz corresponding to wavelengths
between hundreds of meters to meters.

Figure 2.1: (a) Nuclear spin precessing around the axis of the magnetic field B0 with the Lar-
mor frequency. (b) Different spin species show different dependences of the Larmor frequency
magnetic field B0 corresponding to their gyromagnetic ratio. The slope of an electron spins is
orders of magnitude higher compared to nuclear spins. (c) Unpolarized nuclear spin bath. (d)
Fully polarized spin bath, here all spins are aligned parallel to B0. (e) Schematic description
of an NMR experiment. Fully polarized nuclear spins in a magnet can be manipulated via a
RF coil. After application of a π/2-pulse the nuclear spins precess in the x-y plane and induce
a voltage in the RF coil. This alternating voltage is corresponding to the NMR signal.

The quantization axis of the nuclear spins is defined by the external magnetic
field ~B0, which also gives the spin polarization axis. Fully polarized nuclear spins
are perfectly aligned to this axis. The number of spins polarized (anti-)parallel to

8



2.1 Nuclear magnetic resonance (NMR)

the magnetic field B0 denoted by N↑ (N↓) is given by the Boltzmann distribution
as followed:

N↑ = N · eE↑/kBT

eE↑/kBT + eE↓/kBT
and N↓ = N · eE↓/kBT

eE↑/kBT + eE↓/kBT
, (2.1)

where N is the total number of spins, kB the Boltzmann constant, T the temper-
ature and the energy E↓(↑) = (−)1/2 γ hB0 with h the Planck constant and γ the
gyromagnetic ratio. At room temperature and a field of 7T the number of 13C spins
needed, such that effectively one spin is aligned to the magnetic field is about 160
000 spins. Out of these spins only this one spin contributes to the NMR signal. The
fraction of spins aligned to the magnetic field divided by the total number of spins
is in general expressed as the polarization P which can be calculated as

P = N↑ −N↓
N↑ +N↓

= tanh
(
γhB0

2kBT

)
, (2.2)

which would lead to a value of P ≈ 0.0006% with the parameters in the example
above. In order to build up high polarization in conventional NMR high magnetic
fields are utilized reaching strengths in the order of tens of Tesla. The net mag-
netization originating from the nuclear spins is detected by applying an RF pulse
with a frequency corresponding to the Larmor frequency. In the rotating frame of
the nuclear spins such RF pulses act as a static ~B1 field leading to a rotation of the
spin around the x- or y-axis in a coordinate system where the ~B0 field is along the
z-axis. The nuclear spins are brought into the x-y or super-position plane, by an RF
pulse with a duration such that the magnetization is flipped by 90° (also referred
to as 90◦ or π/2-pulse). This leads to a precession of the nuclear spin ensemble or-
thogonally around the spin polarization axis z. Due to the huge number of nuclear
spins this net magnetization can be detected by induction of a voltage in a pick-up
coil positioned orthogonally to the external magnetic field B0. The frequency of
the alternating voltage induced in the coil is again corresponding to the Larmor
frequency [19, 36, 35]. The theory of NMR is schematically described in Figure 2.1.

Sensitivity of conventional NMR

As described in the previous paragraph the NMR signal is measured as the altern-
ating voltage induced into the NMR coil originating from the magnetization M of

9



2 The Nitrogen-Vacancy Centre as a Source of Spin Polarization

the polarized nuclear spins. This magnetization is defined for spin-1/2 nuclei in the
following way:

M = γnhN

2 P ∼ γ2NB0

T
. (2.3)

Hence, the sensitivity of NMR measurements can be enhanced by increasing the
number of spins N , lowering the temperature T , increasing the gyromagnetic ratio
γn or the magnetic field B0. In general the measured voltage at the receiver coil is
proportional to γB0 and the noise to its square root [36]. Putting together magnet-
ization and receiver signal with its noise, the following dependence of the SNR can
be expressed [36, 37]:

SNR ∼ Nγ2B0

T︸ ︷︷ ︸
∼M

γB0

(γ ·B0)1/2

︸ ︷︷ ︸
Receiver signal and noise

= N

T
· γ5/2 ·B3/2

0 . (2.4)

There are further ways to increase the SNR. The easiest is to repeat the measurement
Nreps times, which increases the SNR by a factor of

√
Nreps, this means that for a

linear increase of SNR a quadratic increase of measurement time is needed. In
addition technical noise can reduce the SNR, which can be improved by different
measures, like optimizing the filling factor of the coil, amplifier noise, quality factor
of the coil or field homogeneity [37].

Signal enhancement via over-equilibrium polarization

In conclusion of the last section the increase of polarization augments the sensitivity
of NMR measurements. While magnetic field and temperature can be optimized,
the gyromagnetic ratio γ of a nuclear spin can not be changed in order to increase
polarization. However, Albert Overhauser [38] found in 1953 that the degree of
polarization can be transferred between different spin species. This means that the
high polarization of a spin with a big gyromagnetic ratio, like electron spins, can
be transferred to a spin species with a low gyromagnetic ratio, like carbon nuclear
spins. The difference in gyromagnetic ratio between these spin species can be of
several orders of magnitudes, which leads to a signal enhancement of the same ratio.
The experimental demonstration of the Overhauser effect was performed in 1956
by Carver and Slichter [39]. Further development of these methods enabled signal
enhancement of a factor of 10000 by transferring the almost fully polarized electron

10



2.2 The Nitrogen-vacancy centre in diamond
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Figure 2.2: Degree of polarization of different spin species at a field of 0.3 T as a function of
the temperature. The difference of polarization corresponds to the potential polarization gain
via dynamical nuclear polarization.

spin polarization at low temperatures to “gyromagnetically-small” 13C nuclear spins
[20]. The potential of this method depends on the spin providing the polarization
reservoir. In figure 2.2 the degree of polarization of different spins species are shown
revealing the potential of optically-induced polarization of the nitrogen vacancy in
diamond, which exceeds 92% even at ambient conditions [1].

2.2 The Nitrogen-vacancy centre in diamond

In this section the NV centre in diamond is described. Beginning with diamond
as the host material of this colour centre, followed by the optical, and electrical
properties, spin control, spin lifetimes and concluding with a description of different
sensing experiments.

11



2 The Nitrogen-Vacancy Centre as a Source of Spin Polarization

2.2.1 Diamond as a host material

Diamond is an exceptional material. Compared to most common materials, it
reaches extreme values regarding different basic properties. It is leading the Mohs
scale of mineral hardness as the hardest known material and it is one of the best
thermally conducting materials owing to its high Debye temperature of 1860K [40].
Pure diamond appears transparent in the whole visible spectrum due its relatively
high band gap of 5.47 eV [41]. The refractive index of diamond is relatively high
with 2.42, which leads to total internal reflection up to an angle of about 24.4 ◦ and
therefore diamonds sparkle in case of the right cut. This optical property is desired
for gem stones and it explains its popularity for jewellery. Although pure diamond
is colourless it can also appear in different colours as shown in figure 2.3. The
colour originates from certain impurities or lattice defects. Examples are nitrogen
leading to a yellow colour, boron to a light blue, green colour can originate from
vacancies or pink from nitrogen combined with a vacancy [42, 43, 44]. Defects in
diamond do not only contribute to its colour but can also contribute to its paramag-
netic activity. Single nitrogen impurities substituting a carbon atom are called P1
centres and the defect providing the electron spin worked with in this thesis is the
Nitrogen-Vacancy (NV) centre [45, 46, 47]. Furthermore, pure diamond containing
solely carbon atoms is nuclear spin active due to the natural abundance of 1.1% 13C
isotope [47]. These spin-1/2 nuclear spins can be used for nuclear magnetic resonance
experiments especially when the diamond is isotopically purified to higher degrees
of 13C [47].

The high Debye temperature of diamond suppresses phonon processes at room-
temperature resulting in very long lifetimes of nuclear and electronic quantum sys-
tems at ambient conditions. These quantum systems exist in natural diamonds, but
they can also be engineered during the creation of diamond or by implantation. The
two most common techniques to grow diamond are high pressure high temperature
(HPHT) [49, 41] and chemical vapour deposition (CVD) [46, 50, 51, 47]. These tech-
nological abilities make it possible that diamond can be chemically and isotopically
designed in order to ideally fit the desired application.

12



2.2 The Nitrogen-vacancy centre in diamond

Figure 2.3: (from left to right) Diamond with high NV concentration after electron irradiation
(element six). Diamond of the type Ib [48] with high nitrogen concentration (Sumitomo
Electric). Diamond of the type IIa [48] with a very low defect concentration (element six).
Diamond in brilliant cut.

2.2.2 Nitrogen-Vacancy centres in diamond

The nitrogen vacancy centre in diamond is a naturally occurring defect consisting
of a nitrogen atom and an adjacent vacancy each substituting a carbon atom in the
diamond lattice as illustrated in figure 2.4(b). There are NV centres also in other
material as silicon carbide with similar properties [52]. However, within this thesis
NV centres always refer to NV centres in diamond.

NV centres can also be created by incorporation of nitrogen atoms during the
growth [53, 54, 55, 56, 57, 58] or by implantation [59, 60, 61, 62, 63, 64, 65, 66,
67, 68, 69]. NV centres occur in several electronic charge states. Depending on the
Fermi level a neutral, a positively and a negatively charged state occurs [70, 71].
The charge state can switch during illumination and in the dark, a ratio of 70%
negatively charged NV− compared to 30% neutral NV0 is typically observed [1].
When the NV centre is mentioned within this thesis the negatively charged state
is referred to if not stated differently. The energy level structure of NV centres in
diamond is illustrated in figure 2.4(c). A spin-triplet ground and an excited state
are split by a zero-phonon transition at 637 nm. Exciting the NV centre with a
green laser (532 nm) leads to a decay through a phononic sideband, followed by the
emission of a red photon after the excited state lifetime of about 10 ns. Depending
on the electron spin state the decay probability from the excited state through
a non-radiating metastable state differs, resulting into a fluorescence difference of
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2 The Nitrogen-Vacancy Centre as a Source of Spin Polarization

about 30% between the bright |0〉 state and the dark |±1〉 state. The lifetime of the
metastable state is about 300 ns. The decay path through this metastable state is
not spin state conserving, leading to a polarization into the |0〉 state exceeding 92%
[1]. The properties of the NV centre are described in detail in the doctoral theses
of Christoph Müller [72] and Philipp Neumann [44].
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Figure 2.4: (a) Lattice structure of diamond. (b) NV centre incorporated in the diamond
structure. A nitrogen atom (yellow) substituting a carbon atom (grey) and an adjacent vacancy
(white). (c) Energy level scheme of NV centres. A green laser excites the NV electron
spin from the ground state |g〉 to the excited state |e〉 via a phononic sideband. The decay
path is predominantly via red fluorescence. The decay via the metastable state |m〉 is state
dependent. When the electron spin state is |±1〉 the decay via |m〉 is stronger and the red
fluorescence lower. (d) State dependent fluorescence during a green laser pulse. The difference
in fluorescence (green signal area) between the |0〉 and the |±1〉 state can be used as a read
out of the electron spin state. In later experiments the fluorescence signal is normalized by
taking the mean of the fluorescence during the first few hundred nanoseconds and dividing it
by the mean during the steady state fluorescence at the end of the pulse.

Optical readout and magnetic field sensing with NV centres

The NV centre’s triplet ground state has a zero-field splitting (ZFS) of about
2.87GHz [17]. An external magnetic field shifts the level splitting corresponding
with the Larmor frequency due to the Zeeman splitting depending on the magnetic
field strength B0 along the NV centre axis. By monitoring the fluorescence while
applying a MW field and varying its frequency one can observe Optically Detec-
ted Magnetic Resonance (ODMR). When the microwave is resonant to the Larmor
frequency a drop in fluorescence is observed. At a field around 1024G [76] the
magnetic field compensates the ZFS resulting in a level-anti-crossing of the ground
state (gsLAC) and at half the field this phenomenon takes place in the excited state
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2.2 The Nitrogen-vacancy centre in diamond
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Figure 2.5: Optically detected magnetic resonance at different magnetic fields. (left)
Driving the NV electron spin resonantly leads to a drop in fluorescence. ODMR measurements
at different magnetic fields B0 reveal the Zeeman splitting around the zero-field splitting
D ≈ 2.87GHz. The red lines show the transitions of the |0〉 → |±1〉 states, with a slope of
±γNVB0. Red lines are reoccurring on the energy level diagram on the (right), representing
the states depending on B0. At 1024G there is the level-anti-crossing in the ground state
(gsLAC). (bottom) “Zooming” into the ODMR spectrum of the |−1〉 → |0〉-transition with a
high-resolution measurement shows the hyperfine structure of 14N. At different magnetic fields
the nitrogen nuclear spin is polarized to different degrees (see text for more details). The degree
of polarization depends on the magnetic field strength and alignment, which can be seen at
the two spectra at 400G of 14N (well aligned) and 15N [73]. At 500G the nuclear spin is fully
polarized and about 70% of the population is polarized in one hyperfine transition at a field of
1860G , which is a typical field used within this thesis. The ODMR spectra in this figure were
measured with different techniques. First CW-ODMR, where MW and the laser excitation
are turned on at the same time (black lines), second high spectral resolution spectrum, which
does not suffer from power-broadening, measured by a a Ramsey experiment as described in
figure 2.8 (blue). Third, a measurement with adiabatic, broadband-chirped pulses (green),
which allow a scanning of a wide range with a very low amount of data points [74] (The green
line indicates the chirp range of each individual data point), and fourth with a pulsed ODMR
measurement (purple data; at 1750G) [75]. The orange curves are multi-Lorentzian fits, where
the number of dips and the splitting is fixed to the corresponding hyperfine splitting. The data
was acquired with the help of Anjusha Vijayakumar Sreeja from the Institute of Quantum
Optics.
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2 The Nitrogen-Vacancy Centre as a Source of Spin Polarization

(esLAC). At these fields the Larmor frequency of the electron spin can be tuned
to values in the order of megahertz, which corresponds to the Larmor frequency of
nuclear spins. Hence, a resonance between those two spin species can be achieved.
This effect is the basis of the LAC polarization method described in chapter 2.3.1. It
is noteworthy that around the esLAC the intrinsic nitrogen nuclear spin is polarized
of about 90% [73, 44, 77, 78, 79], when the magnetic field is aligned along the NV
crystal axis (see section 2.3.1). In case the nitrogen nuclear spin is polarized, all
three (two) 14N (15N) hyperfine lines collapse into one and therefore contain the full
contrast and additionally no hyperfine related effects are observed. That is why this
magnetic field value is a popular condition for many experiments. ODMR meas-
urements performed via different measurement techniques are shown in figure 2.5,
additionally measurements at different fields fields are displayed, which consequently
show different nuclear spin polarization.

2.2.3 NV centre Hamiltonian and coupling to nuclear spins

The ground state Hamiltonian of the NV centre consists of three main parts: the
zero-field splitting Hzfs, the electron Zeeman splitting HeZ and the interaction to
N nuclear spins Hnuclei:

HNV /~ = DŜ2
z + E(Ŝ2

x − Ŝ2
y)︸ ︷︷ ︸

Hzfs

− γNV ~B ~̂S︸ ︷︷ ︸
HeZ

+
N∑

i


 ~̂S

↔
Ai ~̂Ii︸ ︷︷ ︸
Hhfs,i

+ γn,i ~B~̂Ii︸ ︷︷ ︸
HnZ

+QÎ2
z,i︸ ︷︷ ︸

HQ




︸ ︷︷ ︸
Hnuclei

. (2.5)

This spin Hamiltonian is constructed with the electron spin operator ~̂S =
(
Ŝx, Ŝy, Ŝz

)T

and the nuclear spin operator ~̂I =
(
Îx, Îy, Îz

)T
(see [44, 72]). The zero-field split-

ting originates from the triplet state of the electron spin and consists of two com-
ponents: The zero-field splitting D ≈ 2870MHz and the off-diagonal zero-field
splitting E ≈ 0, which is negligible in low strain diamonds. D is temperature
(dD/dT = −74.2kHz/K [80]) and pressure (dD/dP = 14.58MHz/GPa [81]) dependent, while
E depends on strain [82] and electric fields [83]. Exploiting these capabilities enables
the NV centre as a sensor for electric fields, pressure and temperature. The second
part of the Hamiltonian adds the capability of magnetic field ~B sensing by the elec-
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2.2 The Nitrogen-vacancy centre in diamond

tron Zeeman splittingHeZ . The energy levels of the NV electron spin states |±1〉 are
split by 2 ·γNV = 2 ·gNV µB/h ≈ 2 ·2.80 MHz/G, with the electronic g-factor of the NV
electron spin gNV ≈ 2.0029 [84], the Bohr magneton µB and the Planck constant h.
The third part of the NV Hamiltonian Hnuclei describes the interaction of the NV
centre with N nuclear spins. Every NV centre is coupled to at least one nuclear spin
from the intrinsic nitrogen atom. This spin is either a spin-1 or a spin-1/2 nuclear
spin depending on the isotope 14N or 15N respectively. In natural NV centres the
14N nuclear spin has an abundance of 99.6% [85], however, for implanted NV centres
the nitrogen isotope can be customized. When the magnetic field is parallel to the
NV axis the hyperfine tensor can be diagonalized

↔
A = diag

(
A⊥, A⊥, A‖

)T
, such that

it can be described by the parallel hyperfine component A‖2 and the perpendicular
hyperfine component A⊥2. As spin-1 systems additionally contain a quadrupolar
moment Q, this term appears in case of 14N with Q = −5.01MHz and in case of
spin-1/2 systems, like 15N, this term does not occur [85]. The naturally abundant 13C
nuclear spins can appear at certain positions relative to a central NV electron spin,
defined by the the diamond lattice, such that only certain couplings are possible.
The first shell of 13C atoms around the NV centre contributes with A‖ = 130MHz
[16] and the second shell nuclear spins starting with about A‖ = 14MHz continued
by 13MHz, 9MHz, etc. [86]. The nuclear Zeeman term HnZ describes the Zeeman
splitting of each nuclear spin depending on its gyromagnetic ratio γn. In general
this term is not observed in optically detected magnetic resonance measurements,
because only the energy difference between the |0〉 and |±1〉 state is observed and
the nuclear Larmor shift is equal in both electron spin states, not changing the
transition energy.
For polarization transfer from the electron spin to nuclear spins the so-called flip

flop terms Ŝ−Î+ and Ŝ+Î− are of crucial importance. These terms show up by
transformation of the hyperfine term Hhfs. Different transformations lead to this
type of Hamiltonian, for example an additional MW field can be used to achieve these
flip-flop terms in the dressed state basis [87]. In polarization methods, which follow
a coherent evolution, the A⊥Î ′xŜz3 terms of the NV Hamiltonian 2.5 are transformed
to the flip flop terms such that the perpendicular hyperfine component A⊥ defines

2A‖,14N = −2.14 MHz ; A‖,15N = 3.03 MHz; A⊥,14N = −2.70 MHz; A⊥,15N = 3.65 MHz [85]
3A⊥Î ′x, where A2

⊥ = A2
x + A2

y which corresponds to the non-parallel hyperfine term after a basis
change.
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2 The Nitrogen-Vacancy Centre as a Source of Spin Polarization

the maximum speed of polarization transfer. One way to determine the strength
of the perpendicular hyperfine coupling is to measure the time evolution of these
coherent flip-flop processes. The parallel hyperfine component A‖ has the same effect
as an additional magnetic field parallel to the NV axis, and is therefore observed in
ODMR measurements as a splitting.

2.2.4 Electron spin control

The NV electron spin can be coherently controlled by applying an additional MW
drive:

H = HNV + Ω cos (ωMW t+ ϕ) ~̂Sx . (2.6)

where Ω = γNVB1, with γNV the coupling of the MW to the NV’s electron spin and
B1 the MW amplitude, ωMW is the frequency of the MW drive and ϕ is its phase.
All MW parameters: frequency, amplitude and phase are freely adjustable with an
arbitrary waveform generator. When applying a resonant MW drive the temporal
state evolution of this Hamiltonian shows coherent oscillations. The frequency Ω of
these oscillations is proportional to the MW drive and is known as Rabi frequency.
Experimental data of such oscillations are shown in figure 2.6(b). When applying an
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Figure 2.6: (a) Electron spin illustrated in the Bloch sphere. The NV electron spin is initialized
into the bright |0〉 state by a green laser pulse. When applying a MW field B1 the spin rotates
around x starting in the |0〉 state (red), passing the superposition state after a π/2-pulse
(green) and the inversion after a π-pulse (orange). (b) The z-component of the spin state can
be measured via a fluorescence measurement. Varying the MW pulse time τ shows coherent
Rabi oscillations for an increasing MW pulse duration. An exemplary fluorescence time trace
of the bright |0〉 state and of the dark |−1〉 state is shown in figure 2.4(d), where also the
normalization procedure is described. (c) Illustration of spin locking in the Bloch sphere, for
more details see text.
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2.2 The Nitrogen-vacancy centre in diamond

external magnetic field B0 along the NV axis (defined as z axis) the Zeeman splitting
isolates the |±1〉 states. In case of a sufficiently strong splitting one can choose one
of the two states and neglect the other one, such that the spin dynamics can be
described by a two level system. All states of this two level system, or so-called
qubit, can be visualized within the Bloch sphere representation, where the poles of
the sphere correspond to the states |0〉 and |−1〉 or |+1〉 [88]. In case of the NV
centre, the poles correspond to the bright and dark states respectively. As illustrated
in figure 2.6 (a) Rabi oscillations can be described in the Bloch sphere representation
as a turning of the Bloch vector around the x-axis, in case the phase ϕ of the MW is
zero and around the y-axis in case of ϕ = 90◦. Precise control of the electron spin is
of crucial importance for the following pulse sequences, where two different rotations
of the Bloch vector are their basic elements. First the 180◦- or π-pulse leading to an
inversion of the population and second the 90◦- or π/2-pulse bringing e.g. the spin
state from the poles to a state in the equator plane (e.g. 1/

√
2 (|0〉+ |1〉)). Especially

when focussing on polarization experiments a third type of pulse is noteworthy:
the spin locking pulse. A π/2-pulse around the x-axis is followed by a MW pulse
around the y-axis, such that the Bloch vector is rotating around its own axis, which
results in a locking of the spin (see figure 2.6). Transforming the Hamiltonian
2.6 to the dressed state basis leads to new eigenstates |+〉 and |−〉, with a splitting
corresponding to the Rabi frequency Ω, which is proportional to the MW amplitude.
Therefore, the energy splitting is arbitrarily adjustable, within power and coherence
limitations [87, 89, 19].

2.2.5 Coherence measurements

The NV electron spin can be used as a sensor to measure different physical quantities
like magnetic and electric fields, stress or temperature as described in section 2.2.3.
This capability makes it at the same time susceptible to different sources of “noise”.
There can be classical noise sources like the fluctuations of an external magnetic
fields, and interactions of a quantum nature originating e.g. from the coupling to
surrounding spins. Therefore, the NV centre’s spin lifetime is affected by the type
of measurement and the specific noise spectrum. Here, four different quantities are
distinguished: The relaxation time T1, the relaxation time in the dressed state T1ρ,
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2 The Nitrogen-Vacancy Centre as a Source of Spin Polarization

the coherence time T2, and the dephasing time T ∗2 . The measurements of these
decays as well as the corresponding noise sources are described in the following.

Relaxation time T1

After optical polarization of the NV electron spin into the |ms = 0〉 state the electron
spin remains in this state until it relaxes to thermal equilibrium. These processes are
dominated by phonon interactions and therefore this spin lifetime is also called the
spin-lattice relaxation time T1. Lower temperatures reduce phonon excitations and
consequently T1 increases. At room temperature T1-times of several milliseconds
were observed for single NV centres in isotopically enriched diamonds [56, 94]. At
liquid nitrogen temperatures in an isotopically enriched diamond (0.01% 13C) relax-
ation times exceeding ten seconds [94] were reported, and in a diamond with natural
abundance of 13C at liquid helium temperatures (3.6K) T1 times exceeding one hour
[95].

Relaxation time in the dressed state basis T1ρ

The spin locking sequence brings the NV electron spin into a dressed state basis
(see figure 2.6). Depending on the strength of the resonant MW drive and the noise
spectrum, the electron spin can be decoupled efficiently, such that the spin state can
be preserved potentially up to the relaxation time T1. Besides spin lattice relaxation
processes, especially MW field fluctuations limit the lifetime under the spin locking
sequence. Due to its continuous refocussing behaviour the decoupling works well
even for high frequency noise [96, 97]. The Rabi frequency Ω corresponding to the
spin locking amplitude defines a spectral window in which the spin is sensitive to
noise or coherent interactions. This can lead to a resonance where the Hartmann-
Hahn conditions are fulfilled [19, 98], and accordingly it can be exploited for sensing
and hyperpolarization as described in section 2.3.3.

Dephasing time T2
∗

In order to measure the dephasing time of an NV electron spin, its spin state is
brought into a superposition state via a resonant π/2-pulse, e.g. along the x-axis
of the Bloch sphere. In its rotating frame the Bloch vector remains in x, while
in the lab frame the spin rotates around the z-axis with the Larmor frequency.
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2.2 The Nitrogen-vacancy centre in diamond

If the magnetic field changes the Larmor frequency alters as well, leading to a
detuning between the MW frequency and the Larmor frequency in the the lab frame
or an accumulation of a phase in the rotating frame. In order to read out the NV
electron spin, a second π/2-pulse is applied encoding the accumulated phase into
population and when applying a laser pulse into fluorescence. In case of a constant
phase accumulation, originating e.g. from a detuning of the MW frequency or a
hyperfine coupling, oscillations as a function of the interaction time are observed.
However, when the accumulated phase varies between measurements, during each
measurement a different phase is accumulated. Since measurements with single
NV centres are of a quantum nature at least a few thousand repetitions have to
be averaged for a determination of the spin state. As a consequence drifts and
fluctuations during this averaging time lead to a decay of the oscillations. Magnetic
noise from zero to low frequencies contribute to the dephasing (see equation 8.74 in
[99]). There are contributions from slow magnetic field drifts ( e.g. from temperature
fluctuations of a permanent magnet) or “fast” fluctuations (e.g. due to magnetic
noise produced by spins in the vicinity). In case of NV electron spin ensembles
also magnetic field inhomogeneities lead to a shortening of the dephasing time. The
described experiment is called free induction decay (FID) in the NMR community
and Ramsey experiment in the atomic physics community and its characteristic
decay time is denominated as T2

∗. It is noteworthy that the minimal linewidth of
a pulsed ODMR spectrum corresponds to the linewidth of the Fourier transform
of the FID [75], and this can be achieved by setting the ODMR pulse time to the
decay time of the FID. An exemplary dephasing measurement of a single NV centre
is shown in figure 2.8 (b). Here, the phase of the second π/2-pulse is modulated
with 10MHz and additionally a simple “phase-cycling” is used, where the last (here
second) π/2-pulse is measured with the phase x and −x in an alternating manner.
The two resulting signals are subtracted and lead to oscillations between a positive
fluorescence contrast (|0〉 − |−1〉 or bright minus dark) to a negative fluorescence
contrast (|−1〉 − |0〉 or dark minus bright).The Fourier transform of the oscillating
FID shows the 15N hyperfine splitting around the modulation frequency.
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2 The Nitrogen-Vacancy Centre as a Source of Spin Polarization

Coherence time T2

The dephasing of a spin in the x-y plane can be refocused by a resonant π-pulse,
leading to a longer decay time of the electron spin state denominated as the T2

time. The pulse sequence is a π/2 pulse followed by a π pulse with a delay of τ/2.
After the same waiting time τ/2 the dephasing, which is static within this time, is
refocused leading to a revival of the coherence or the so-called Hahn echo [98]. In
order to read the refocused electron spin out, another π/2 is applied.
By adding further π pulses the coherence time can be further prolonged. There

are different sequences which lead depending on the noise spectrum to a different
decoupling performance. Furthermore, certain sequences can correct pulse errors.
The most commonly used sequences are CPMG [90, 91], XY [92] and KDD [93]. A
selection of pulse sequences are illustrated in figure 2.7.
Each measurement gives a different coherence time, such that the value of T2 is

highly dependent on the used sequence, the chosen value of τ and the number of
refocusing pulses. Typically the coherence time T2 is longer than the dephasing time
and shorter than the relaxation time T1 [94]. At room temperature coherence times
of about 2 milliseconds (Hahn echo) were reported for NV centres in an isotopically
enriched diamond (0.3%13C) [14].

Sensing

The ability to observe a change of fluorescence depending on a certain interactions
enables metrology with NV centres in diamond. These interactions can range from
classical signals, through noise from statistically polarized nuclear spins to coherently
coupled spins. Dynamical decoupling sequences can be used to measure the noise
spectrum of the environment of an NV centre within a certain frequency range [100].
Hence, spectroscopic sensing can be performed e.g. with the pulse sequences named
in the last paragraph [72, 101]. In general, the sensing condition is defined as follows:

τ = 2πk/ωL = k/γnB0 , (2.7)

where τ/2 is the pulse separation time, ωL the Larmor frequency in angular fre-
quency units and k is an odd integer number. The strength of the signal depends
on the interaction time, which also defines the spectral filter function of the sensing
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2.2 The Nitrogen-vacancy centre in diamond

sequence. In case of dynamical decoupling sequences like CPMG the FWHM of
the filter function is approximately 0.89/(2τN), where N is the number of pulses
[101]. It is important to note that spurious harmonics can be observed due to spin
evolution during MW pulses. This is especially noteworthy because of the fourth
harmonic coming from carbon coincides with the condition to sense hydrogen [102]
and can be suppressed by randomization of the phase [103]. Instead of dynamical
decoupling sequences also continuous sequences like spin locking [98, 19, 104], mod-
ulated continuous drive [105, 106], or dynamical decoupling in the dressed state [96]
can be used for sensing. Continuous methods are especially efficient under power
restrictions [106] and can be additionally utilized for high frequency sensing [107].
Sensing coherent signals such as coupled single spins or coherent classical signals
lead to coherent oscillations reaching full NV electron spin inversion (negative con-
trast in the “phase-cycling” experiments), an exemplary measurement is shown in
figure 3.3. However, the signal originating from a spin bath as for example hydro-
gen spins on the diamond surface do not show such coherent dynamics on the NV
electron spin, but only a decay to the superposition state (contrast of zero in the
“phase-cycling” experiments), as shown in an exemplary experiment in figure 3.12.
In order to achieve a sufficient resolution to resolve chemical shifts two approaches

with NV centres in diamond are demonstrated. First, using nuclear spins as memor-
ies to prolong the sensing time [108] and second, using a classical clock and correlate
the accumulated phases, such as the qdyne method [109, 110, 111]. However, both
methods demand long measurement times. Combining high resolution spectroscopy
with hyperpolarized signals can lead to fast, high resolution spectroscopy with NV
centres in diamond [28, 112].

23



2 The Nitrogen-Vacancy Centre as a Source of Spin Polarization

FID: Laser
π
2x

π
2x

τ

Hahn echo: Laser
π
2x

πx
π
2x

τ

CPMG-N : Laser
π
2x( πy )

N
π
2x

τ/2

XY4-N : Laser
π
2 x( πx πy πx πy )

N
π
2 x

τ/4 τ/2 τ/4

XY4 x

XY8-N : Laser
π
2 x( πx πy πx πy πy πx πy πx )

N
π
2 x

τ/4 τ/2 τ/2 τ/4

XY4 x XY4 y

XY16-N : Laser
π
2 x( XY4x XY4y XY4-x XY4-y )

N
π
2 x

Knill pulse: π30 π 0 π90 π 0 π30

τ/2

Kx

KDD4-N : Laser
π
2 x( Kx Ky Kx Ky )

N
π
2 x

τ/4 τ/2 τ/4

KDD4 x

KDD16-N : Laser
π
2 x(KDD4x KDD4y KDD4-xKDD4-y)

N
π
2 x

KDD8-N : Laser
π
2 x( Kx Ky Kx Ky Ky Kx Ky Kx )

N
π
2 x

τ/4 τ/2 τ/2 τ/4

KDD4 x KDD4 y

Figure 2.7: Illustration of different pulse sequences. Starting with the FID or Ramsey sequence.
In conventional EPR the last π/2-pulse is not needed, with NV centres it is used to map phase
accumulation in the x, y-plane to the fluorescence sensitive z-axis of the Bloch sphere. By
alternating the last π/2-pulse between the phases x (0◦) and −x (180◦) a simple phase cycling
experiment can be performed, which normalizes the data for effects like changes of the NV
charge state. Most experiments in this thesis are measured in this way and the difference of
the normalized fluorescence is denominated as fluorescence contrast, where the max. positive
(negative) contrast is |0〉 − |−1〉 or bright minus dark (|−1〉 − |0〉 or dark minus bright) and a
contrast of zero corresponds to a state in the x, y plane of the Bloch sphere. In order to refocus
dephasing a π pulse is added in the Hahn echo sequence and in the CPMG sequence N -π pulses
are added in order to perform dynamical decoupling [90, 91]. The next pulse sequence is from
the XY family, where alternating phases between x and y are applied, which leads, in case of
static pulse errors, to a self-correcting refocusing [92]. The number after the XY indicates the
number of pulses of a basic pulse unit and N the repetition of latter. Consequently, XY16-N
consists of four blocks of XY4, where each pulse within the block is phase shifted by x (0◦), y
(90◦), -x (180◦) and -y (-90◦ or 270◦). A further family of pulse sequences is the KDD family,
which is here referring to XY pulse sequences, where each π pulse is substituted by a robust
Knill pulse with the corresponding phase shift +∆Φ. Knill pulses are very robust and consist
of five pulses with the phases (30◦ + ∆Φ,0◦ + ∆Φ,90◦ + ∆Φ,0◦ + ∆Φ,30◦ + ∆Φ) [93]. The
basic unit of a KDD4-1 sequence consists of 4 · 5 · 1 = 20 pulses and consequently a KDD16-1
sequence consists of 80 pulses. A selection of these sequences is measured for decoupling of a
single NV centre in figure 2.8.

24



2.2 The Nitrogen-vacancy centre in diamond

10 7 10 6 10 5 10 4 10 3

Time (ns)

5

0

5

10

15

20

Fl
uo

re
sc

en
ce

 c
on

tra
st

 (%
)

FID envelope
Hahn echo
CPMG (5 MHz)
XY8 (5 MHz)
KDD (5 MHz)
T_1rho (5 MHz)
T_1

(a)

0.0 2.5 5.0 7.5 10.0 12.5 15.0
Time (µs)

20

10

0

10

20

Fl
uo

re
sc

en
ce

 c
on

tra
st

 (%
)

FID
Hahn echo
T_1

0.0 2.5 5.0 7.5 10.0 12.5 15.0
Frequency (MHz)

0

2

4

6

8
FF

T 
M

ag
ni

tu
de

 (a
rb

. u
.)

 Splitting:
  Fit:  3.050 (0.006) MHz
  Lit.: 3.03 (0.03) MHz

FID
Fit

(b)

A‖,15N

1.70 1.72 1.74 1.76
Frequency (MHz)

5

6

7

8

9

10

Fl
uo

re
sc

en
ce

 c
on

tra
st

 (%
)

KDD16-3 
 with an interaction time 
 of 69.2 s

Fit
Conf. interval (3 )
Calc. proton frequency
Data

(c)

Figure 2.8: (a) Different spin lifetimes of a shallow NV centre. The dephasing is measured via
an FID envelope (No oscillations due to a precisely, resonant MW frequency to the electron
Larmor frequency in the centre between the two hyperfine lines.) By adding a refocusing π
pulse the spin lifetime can be doubled, and different decoupling sequences lead to different
prolongations of the lifetime. All decoupling methods are set to a frequency of 5MHz or a pulse
spacing of τ/2 = 100 ns. As a guide for the eye the data is fitted by stretched exponentials. (b)
Ramsey experiment or FID. (left) Decay of a FID where the phase of the MW is modulated with
10MHz. (right) Discrete Fourier transform of the FID exhibiting the hyperfine splitting A‖
originating from the 15N nuclear spin. (c) Hydrogen NMR spectrum measured with KDD16-
3 with an interaction time of 69.2µs. Figure 2.7 depicts the pulse sequences used in the
experiments and explains the measurement of the fluorescence contrast.
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2 The Nitrogen-Vacancy Centre as a Source of Spin Polarization

2.3 Hyperpolarization with NV centres in
diamond

In general all hyperpolarization techniques with NV centres underlay the same prin-
ciple: The NV centre electron spin is optically polarized, then brought into reson-
ance with nuclear spins, which enables polarization transfer via spin-flip processes.
However, the way the resonance condition is achieved is different in each of the
hereinafter described methods. The commonly used polarization methods are out-
lined considering the needed conditions, the polarization transfer mechanism and
the technique’s challenges and advantages.

2.3.1 Level anti-crossing (LAC)

The NV centre’s zero-field splitting is about D ≈ 2.87GHz. Hence, the applica-
tion of a magnetic field Bz ≈ 1024G [76] provides an electron Zeeman splitting
corresponding to D, which leads to the ground state level anti-crossing. Around
these conditions the magnetic field can be tuned to energy splittings corresponding
to frequencies in the MHz regime and consequently the electron Larmor frequency
can be matched to nuclear Larmor frequencies. Fulfilling this condition leads to a
resonance between the two spin species and can enable flip-flop processes. There
are two distinct field conditions where this phenomenon occurs with NV centres
in diamond: one as described in the ground state (gsLAC) and one in the excited
state (esLAC). The latter was exploited by Jacques et al. for the polarization of
the intrinsic nitrogen nuclear spins and at a field of about 500G a nuclear spin po-
larization of 98% was reported [73], where this value should be multiplied by the
NV electron spin initialization of 92%[1] resulting in a nuclear spin polarization of
about 90% [79]. At the LAC the polarization transfer is enabled through flip flop
terms originating from the following four hyperfine terms:

ŜxÎx, ŜxÎy, Ŝy Îx, Ŝy Îy . (2.8)

This stands in contrast to polarization methods based on MW pulses, where the
polarization transfer occurs in a dressed state, like NOVEL, ISE, or PulsePol (de-
scribed in the following chapters). For these techniques the hyperfine tensor elements
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Figure 2.9: Energy levels of the NV centre’s electron triplet state. At a field of about 1024G
[76] a level anti-crossing occurs. By adjusting and aligning the magnetic field B0 electron
spins and nuclear spins can be brought into resonance. There are two field adjustments which
fulfil this condition. The magnetic field under the level anti-crossing leads to a negative
enhancement and the higher field gives a positive enhancement [113]. The same mechanism
works also in the excited state level anti crossing at about 500G.

contributing to the polarization transfer are Ŝz Îx and Ŝz Îy. It is noteworthy that
Broadway et al. [114] report an order of magnitude higher polarization transfer
efficiency for polarization via lab-frame cross-relaxation compared to rotating-frame
cross-relaxation, due to the higher hyperfine coupling in Ax,y;x,y compared to Az;x,y.
However, an experimental verification is not yet given.
On the one hand, this polarization technique is MW free, which is a technical

advantage, on the other hand it is very restricted to two special magnetic field
adjustments, which in addition have to be aligned to a high degree. The condition
for the polarization direction is very sensitive [115], it is possible to choose the
polarization direction by shifting the magnetic field by only a few Gauss. This effect
can be exploited for metrology [116]. Polarization transfer to 13C nuclear spins in
bulk diamond by DNP via LAC was shown in different experiments at gsLAC [116]
and esLAC [117, 115]. Several publications describe that additionally to this effect a
multi-spin polarization mechanism takes place, where the P1 defect, consisting of a
substitutional single nitrogen atom, is involved in the polarization dynamics around
the esLAC [113, 118, 119]. Recently Henshaw et al. [120] demonstrated a magnetic
field swept polarization transfer mechanism involving P1 centres at the esLAC with
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2 The Nitrogen-Vacancy Centre as a Source of Spin Polarization

a single crystal diamond, claiming a adjustable polarization transfer direction and
robustness to magnetic field alignment. By utilizing the esLAC mechanism not only
hyperpolarization of nuclear spins inside of diamond was demonstrated, but also
external hyperpolarization of nuclear spins in PMMA via shallow NV centres. Here,
the build-up of external 1H-spins was observed via suppressed flip-flop processes
[114].

2.3.2 DNP via continuous MW irradiation

Albert Overhauser predicted in 1953 that the degree of polarization of electron
spins can be fully transferred to nuclear spins, when the electron spin transition
is saturated by a resonant MW field [38]. This prediction was demonstrated by
Slichter et al. [19] and applies not only to metals (Overhauser’s prediction) but
also to certain other solids and especially to liquids. In the following paragraphs
different effects are described, which contribute to the polarization transfer. DNP
enhancement via continuous MW irradiation can be attributed to one or multiple of
the following effects: the Overhauser effect, the well-resolved and differential solid
effect, the cross effect and thermal mixing. Which effect is dominant depends on
the material, the MW, and the magnetic field. Especially in 13C-enriched diamonds
with a high NV density not only one of the effects contributes to the polarization
transfer but several.

Overhauser effect

The population of a thermalized two-level electron spin system is Boltzmann distri-
buted. When driving the electron spin transition resonantly and sufficiently strongly
the population difference equilibrates. Due to relaxation processes the electron spin
state redistributes thermally, and as a result the electron spin flips in a preferential
direction. This can be understood as an entropy conserving process [121].Those
electron spin flips facilitate flip-flop or flip-flip processes with nuclear spins in a
preferential direction, which can increase the polarization of nuclear spins up to
the degree of the high electron spin polarization. The condition for polarization
transfer is fulfilled, when the MW frequency ωMW matches the electron spin Larmor
frequency ωL,e:

ωMW = ωL,e . (2.9)
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Figure 2.10: Illustrative description of polarization transfer via the Overhauser effect. (a)
Polarization distribution between electron (e) and nuclear spin (n) states |e n〉 in thermal equi-
librium (red circles). (b) Driving the electron spin transitions ωe sufficiently strong equilibrates
population differences (green circles). (c) Relaxation processes lead to a redistribution of elec-
tron spin polarization inducing electron spin flips in a preferential direction. Depending on the
dominant relaxation path flip-flops or flip-flips take place, which lead to positive or negative
polarization enhancement. Here, negative polarization enhancement into the nuclear |↓〉 state
is illustrated, where the dominating relaxation path is a flip-flip or double quantum processes.

The polarization mechanism of the Overhauser effect is illustrated in figure 2.10.
The Overhauser effect occurs only, when flipping mechanisms between electron and
nuclear spins are allowed. This is given when the correlation time τc of the time de-
pendent electron and the nuclear spin interaction is much shorter than the inverse
electron Larmor frequency 1/ωL,e, which is the case with mobile electrons, as in
conducting solids or free radicals contained in liquids [122, 123, 124]. In general, el-
evated magnetic fields show a reduction of the Overhauser DNP efficiency due to the
suppression of spin flips at higher magnetic fields [122], when τc ·ωL,e = τc ·γeB0 � 1
is not fulfilled. The direction of polarization depends on the dominant relaxation
path, meaning that an imbalance between flip-flop and flip-flip processes has to
exist. Double-quantum transitions4 or flip-flip processes lead to negative enhance-
ment [125] , and zero-quantum or flip-flop processes lead to positive enhancement
as depicted in figure 2.10. Hence, the direction of polarization provides additional
information about the dominant relaxation process of the sample. In diamond the
Overhauser effect is not efficient enough to be observed, due to the slow flip-flop rate
between electron and nuclear spins compared to the electron spin relaxation rate [19].
Nevertheless, there is a diamond related Overhauser DNP example. Waddington et
al. demonstrated the Overhauser effect with nanodiamonds, where polarization was
transferred from surface electrons to hydrogen nuclei in water [125].

4In the rest of the thesis the terminology for double quantum transition refers to the transition
between the NV’s mS = ±1 states and not to flip-flip or flip-flip processes between nuclear and
electron spins.
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2 The Nitrogen-Vacancy Centre as a Source of Spin Polarization

In addition to electron-nuclear DNP the Overhauser effect can also be exploited
for nuclear-nuclear polarization transfer [126], which is widely used in spectroscopic
measurements, for example in nuclear Overhauser effect spectroscopy (NOESY)
[127]. Intermolecular polarization transfer efficiency between different nuclear spin
species leads to structural information of the molecule. Furthermore, the direction of
the Overhauser enhancement depends on the relaxation pathway, which furthermore
depends on the properties of the molecules. The dominance of either zero or double
quantum transitions depends on the rotation and tumbling speed of a molecule, and
can therefore yield information about size or bindings [128].

Solid effect - utilizing forbidden transitions

During the solid effect the nuclear-electron flip-flop transition is driven directly. This
transition is called “forbidden” since it is not allowed by quantum mechanical selec-
tion rules. However, these spin flips become allowed when second order transitions
are taken into account [124]. This effect was first described by C. D. Jeffries in 1957
[129]. The polarization mechanism of the solid effect is illustrated in figure 2.11.
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Figure 2.11: Illustrative description of the polarization transfer via the solid effect: (a) Polar-
ization distribution between electron and nuclear spin states in thermal equilibrium (b) Driving
the electron spin transitions ωe+ωn in saturation equalises population difference, which leads to
an increase of population in the nuclear |↑〉 state. (c) Electron spin relaxation processes yield
redistribution of electron spin polarization, leading to further polarization build-up between
the nuclear spin states. The nuclear polarization can be build up to the thermal election spin
polarization.

Polarization transfer from electron spins to nuclear spins using the solid effect
occurs in samples, where the electron spin linewidth is smaller than the nuclear
Larmor frequency. The direction of polarization enhancement depends on the MW
frequency. Driving the double-quantum transition yields a positive enhancement:

ωMW = ωe + ωn , (2.10)
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and driving the zero-quantum transition leads to negative enhancement:

ωMW = ωe − ωn . (2.11)

When the electron spin transition linewidth is narrower than the nuclear Larmor
frequency these two conditions are well separable. This, so-called well resolved solid
effect, occurs in samples with low electron spin concentrations, where the interaction
between latter can be neglected [121]. In case of an electron spin linewidth similar
to the nuclear Larmor frequency the positive and negative polarization enhancement
are not clearly separated and the polarization enhancement overlaps and diminishes
[130]. In this case the effect is called the differential solid effect [121].

Multi spin flip induced DNP

In addition to direct electron-nuclear polarization transfer there are polarization
transfer processes involving additional spins. In case of diamond such processes
occur for example at fields where NV and P1 centres are in resonance or in heavily
nitrogen doped or 13C enriched samples. It is noteworthy that P1 centres have
typically a more than 10-fold higher abundance compared to NV centres, providing
an additional electron spin bath in diamond.

Cross effect: An electron-electron spin flip between two electron spins with dif-
ferent energy splittings lacks energy conservation. This energy can be provided by
a nuclear spin flip. Hence, the condition to observe the cross effect is that the dif-
ference between the first electron spin transition ωe,1 and the second electron spin
transition ωe,2 is the nuclear spin Larmor frequency ωn [131]:

|ωe,1 − ωe,2| = |∆ωe| = ωn . (2.12)

In this case the spin state of the three spins |e1, e2, n〉 is degenerate, so for example
the energy of |↑↓↑〉 and |↓↑↓〉 is the same. The polarization mechanism of the cross
effect is illustrated in figure 2.12. Cross effect occurs, when two electrons and one
nuclear spin are coupled. Samples where this effect is dominating the DNP process
have a high spin density, which leads to a broad electron spin spectrum. This leads
to the condition for the cross effect: the breadth of the EPR spectrum ∆ωe is on the
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Figure 2.12: Illustrative description of polarization transfer via the cross effect (a) Polarization
distribution between the two electron and nuclear spin states in thermal equilibrium. The spin
state |↓↑↓〉- and |↑↓↑〉 are degenerate in energy, here the two electron spins states |e1 e2〉,
and the nuclear spin state |n〉 are denoted as |e1 e2 n〉. (b) Driving one of the electron spin
transitions ωe,1 equilibrates the population difference. (c) With the same MW field, the
degenerate states |↓↑↓〉 and |↑↓↑〉 are driven, such that the population of these transitions are
equilibrated as well leading to the polarization of the nuclear spin into the |↓〉 state via triple
spin flips. (d) Considering electron spin relaxation processes shows a build-up of nuclear spin
polarization in the |↓〉 state.

order or greater than the nuclear Larmor frequency ωn, but the linewidth of each
individual electron spin δωe is smaller than ωn [131]:

∆ωe > ωn > δωe . (2.13)

In solids one can find such inhomogeneously broadened electron spin spectra. Here,
the individual electron spin transitions are well separated but can overlap. Such
spectra occur for example in single crystals, where the energy levels of the same type
of defect on different crystal axes can split differently depending on the magnetic field
orientation. At certain magnetic field alignments the different crystal subsets can
fulfil the condition ∆ωe = ωn [124, 132]. Another example to fulfil this condition
is the matching of energy levels of different spin species like P1 and NV centres
(at around 500G). A further interesting example of the cross effect is shown in a
study of Can et al. describing the coexistence of the solid effect and a truncated
cross effect mimicking Overhauser effect features in an insulating solid [133]. It is
noteworthy, that there is a version of the cross effect appearing with magic angle
spinning (MAS) DNP, where the polarization transfer condition (equation 2.12) is
periodically fulfilled [134, 135]. MAS DNP with biradicals showed, that even at high
magnetic fields (> 10T) [135] polarization transfer is possible, where the efficiency
of the stationary cross or solid effect diminishes.
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2.3 Hyperpolarization with NV centres in diamond

Thermal mixing is enabled by a mechanism very similar to the cross effect. The
difference is, that not only two but multiple spins are participating in the DNP
process. In samples with a high spin density the electron spin states within the
EPR spectrum is quasi-continuous [131, 136, 137, 121] and the following condition
holds true:

∆ωe, δωe � ωn . (2.14)

Hence, thermal mixing occurs when the EPR linewidth is homogeneously broadened
and its breadth is broader than the nuclear spin Larmor frequency, this is the case
at high electron densities and strong electron spin couplings like in diamond with
very high concentrations of electron spins. The nuclear Larmor frequency is field
depended such that thermal mixing or the cross effect and the solid effect can be
observed individually in the same sample at different magnetic fields [137]. However,
it is important to note that these effects are often difficult to distinguish.
In conclusion the three effects appear depending on the breadth of the electron

spin spectrum ∆ωe, the linewidth of an individual electron spin species δωe and the
nuclear Larmor frequency ωn. The well-resolved solid effect involves one nuclear and
one electron spin, when ∆ωe, δωe � ωn, the cross effect involves two electron spins
and one nuclear spin, when the EPR spectrum is inhomogeneously broadened with
∆ωe > ωn > δωe and thermal mixing includes multiple electron spins and a nuclear
spin, when the electron spin spectrum is homogeneously broadened: ∆ωe, δωe � ωn

[131].

Application of continuous wave polarization methods to diamond

When applying a continuous MW in order to polarize nuclear spins it is difficult to
distinguish between the different polarization mechanisms. The DNP enhancement
spectrum of 13C nuclear spins in diamond can often be attributed to different ef-
fects. The results of King et al. [138] show signs of the differential solid effect as
well as cross effect or thermal mixing with a diamond of naturally abundant 13C,
here the breadth of the EPR spectrum is similar to the nuclear Larmor frequency.
Even broader EPR linewidths are observed in diamonds with isotopically enriched
diamonds. Parker et al. demonstrated DNP with up to 100% enriched 13C diamonds
[139] and attributed the polarization effects during continuous MW irradiation to
the solid effect, cross effect, and thermal mixing, however, it is stated that the effects
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2 The Nitrogen-Vacancy Centre as a Source of Spin Polarization

are difficult to distinguish. Polarization of nuclear spins in diamond at a field where
P1 and NV centres coincide in transition energies can facilitate multi-spin assisted
polarization transfer[119, 118], which might be associated with the cross effect or
thermal mixing. Polarization transfer with P1 centres was shown by Reynhardt et
al. [137] where at different magnetic field strengths the differential solid effect is
separated from thermal mixing. Hyperpolarization of hydrogen spins in liquids was
shown using surface spins and P1 centres of nanodiamonds. Here, depending on the
field, different polarization mechanisms contribute to the DNP enhancement. At
higher magnetic fields the DNP enhancement spectrum shows the typical charac-
teristics of solid effect, where 1H spins absorbed on the nanodiamond (ND) surface
are polarized [140]. At lower fields, where flip-flip mechanisms are more probable,
the Overhauser effect contributes to the DNP enhancement of freely moving water
molecules, leading to two orders of magnitude stronger enhancement compared to
the high field experiment [125].

2.3.3 Nuclear orientation via electron locking (NOVEL)

The polarization technique NOVEL brings electron spins in resonance with nuclear
spins via locking of the electron spins (see 2.2.4) while matching the Hartmann-Hahn
condition [141, 142]:

ΩRabi = ωn,L , (2.15)

where the MW amplitude corresponds to the Rabi frequency ΩRabi matching the
Larmor frequency of the target nuclei ωn,L. The NV Hamiltonian combined with
the MW drive can be expressed in the interaction picture as follows [87]:

HSL,int = A⊥/4
(
Ŝ−Î+ + Ŝ+Î−

)
, (2.16)

where the flip flop terms Ŝ−Î+ and Ŝ+Î− are the origin of the polarization transfer.
The time evolution of this Hamiltonian shows coherent oscillations between two spins
with frequency A⊥/2. Consequently, a flip-flop happens after a time interval 2/A⊥
[87]. In figure 2.13 the polarization process is illustrated by the matching of energy
levels during the electron spin locking in the dressed state basis.
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Figure 2.13: Illustrative description of the polarization transfer via NOVEL (a) Pulse
sequence of the NOVEL sequence. (b) Energy levels |en〉 between nuclear |n〉 and electron |n〉
spin transitions are separated by several orders of magnitude. After a laser pulse the electron
spin is polarized into the |↓〉 state, while the the nuclear spin is thermally distributed between
the states |↑〉 and |↓〉. (c) During the spin locking pulse the electron spin state in the dressed
state basis |+〉 and |−〉 are split by the Rabi frequency Ω. Under the Hartmann-Hahn condition
Ω = ωn the energy levels |− ↑〉 and |+ ↓〉 are degenerate and flip-flop processes are enabled.
(d) After the spin locking pulse and reinitialization of the electron spin via a laser pulse the
nuclear spin polarization is isolated in the |↓↓〉 state. Repetition of the NOVEL sequence can
lead to full polarization of a nuclear spin bath.

Polarization transfer with NOVEL is compared to other coherent polarization
techniques, like ISE or PulsePol, the most efficient one, meaning that a spin flip can
be achieved within the shortest interaction time [32]. This comes with the price,
that it is the least robust. Introducing a frequency detuning δ, shifts the effective
Rabi frequency Ωeff =

√
Ω2

Rabi + δ2 from the resonance condition, which is especially
critical at low nuclear Larmor frequencies. It is noteworthy that the direction of
polarization can be chosen by shifting the phase of the first π/2-pulse by 180◦. The
NOVEL sequence was used in experiments with NV centres in diamond reported
with a single spin by London et al. [104], in a bulk sample (see chapter3.1 [30]) and
to benchmark other polarization sequences (see chapter 3.2.3 [31]).

2.3.4 Integrated solid effect (ISE)

Sweeps over large frequency bandwidths are ideal candidates for robust spin control.
ISE combines this control with polarization transfer [143, 144]. The conditions for
polarization transfer are quasi-adiabatic. The sweep rate ν = frequency range/pulse length
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2 The Nitrogen-Vacancy Centre as a Source of Spin Polarization

should be much smaller than the effective Rabi frequency Ω2
eff of the MW drive

[144]:
|ν| � Ω2

eff , (2.17)

the range of the sweep should be well greater than the hyperfine coupling in order
to guarantee adiabaticity and the sweep amplitude should match the Hartmann-
Hahn conditions (see equation 2.15). The sweep length defines an interaction time
between the electron and the nuclear spins, such that if weakly coupled nuclear spins
are the spins to be polarized a slower sweep rate should be chosen. The polarization
transfer probability P is given by the following formula (see equation 25 in Cheng
et al. [144]):

P = 4PLZ (1− PLZ) sin2 (ΦSt) , (2.18)

with the Stückelberg-phase ΦSt. The frequency sweep over the resonance is passing
through two Landau-Zehner transitions originating from the nuclear coupling and
the phase ΦSt is accumulated between these transitions. PLZ , the probability of
tunneling to one of the Landau-Zehner transitions is defined as:

PLZ = exp


−2π

Ω2
effa

2
x

8|ν|(γnB)
√

(γnB)2)− Ω2
eff


 , (2.19)

with the effective Rabi frequency Ωeff , the sweep rate ν, the hyperfine coupling
strength ax, the gyromagnetic ratio of the nuclei γn and the magnetic field B. Av-
eraging over many different hyperfine couplings averages the oscillating term (eq.
2.18) to 1/2. The maximum value for a electron spin ensemble polarization transfer is
Pmax = 0.6863 [145]. This number is lower compared to the other coherent polariz-
ation methods NOVEL and PulsePol, where a full spin flip Pmax = 1 is theoretically
possible5. The process of an electron spin passing a Landau-Zener transitions is a
coherent spin evolution, leading to the possibility of a full inversion of the popu-
lation. A transfer probability for a single Landau-Zehner transition Pmax = 1 is
possible, however, as the ISE sweep pulse is in general covering two transitions, an
inferior maximum transfer efficiency is observed, as stated above. The polarization
transfer process is illustrated and described in figure 2.14.

5The maximum of Pmax = 1 is only possible for coherent interactions between one electron spin
and a polarized nuclear spin bath in the opposite direction. In case of a mixed nuclear spin
bath the maximal reachable value is half.
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Figure 2.14: Illustrative description of polarization transfer via ISE (a) Pulse Sequence:
A laser followed by MW chirp pulse. (b) Simulated energy levels of the driven electron-nuclear
spin system shows two level-anti-crossings. The electron dressed states are denoted as |+〉
and |−〉 a and the nuclear spin as |↑〉 and |↓〉. The red circles illustrate the distribution of
population after the laser pulse, which polarizes the electron spin into the |−〉 state. (c) During
the MW chirp pulse the spin state passes the two level-anti-crossings. Spin flips take place
with a certain probability depending on the sweep parameters, leading to partial polarization
transfer from |− ↑〉 to |+ ↓〉. The population in the |− ↓〉 state is unchanged during the sweep.
(d) After another laser pulse the isolated population fraction in the |− ↓〉 state is increased.
Repeating this sequence can lead to a full polarization transfer into the nuclear |↓〉 state.

aA detailed theoretical description and the definition of the energy basis can be found in [144]
equation 18. The states |±〉 are denoted there as |χ±〉

In scenarios where broad excitation is needed and polarization transfer time is
not very restricted, ISE is the polarization sequence of choice. However, with the
inferior polarization transfer efficiency of a single sweep combined with the compar-
atively slow polarization transfer this method is not ideal for the hyperpolarization
of bulk diamonds, which can be aligned to the magnetic field [31]. Considering the
experimental setting of nanodiamond polarization with its GHz-broad powder pat-
tern, a comb-like ISE is advantageous. The ISE as a hyperpolarization technique
was successfully applied to a misaligned bulk diamond in chapter 3.1 [30] and was
characterized in detail with a single NV centre in chapter 3.2.3 [31]. At low magnetic
fields, where the hyperfine interaction is stronger than the nuclear Zeeman splitting
a frequency swept polarization transfer scheme can be applied [146]. Using this
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scheme Ajoy et al. demonstrated the polarization of powders at low fields independ-
ent of the crystal orientation [147, 148] and utilized this scheme for characterization
of diamonds via hyperpolarized relaxometry [149].

2.3.5 PulsePol

Instead of a continuous drive, as the name indicates, PulsePol is a pulsed polarization
transfer scheme. Strong, short pulses are broadband, can cover wide lineshapes and
are thus very robust. By Hamiltonian engineering the PulsePol sequence imitates a
spin locking Hamiltonian (see equation 2.16), such that it is effectively solely altered
by a prefactor:

HPP,eff =

(
2 +
√

2
)
A⊥

2kπ
(
Ŝ−Î+ + Ŝ+Î−

)
. (2.20)

For k = 3 this prefactor shows a reduction of efficiency to 72% compared to the
NOVEL efficiency [150]. This means that the time to reach a full spin flip (Pmax = 1)
is prolonged by about 38% [87, 32]. Compared to the NOVEL sequence the resonance
condition is shifted from the MW power to the time-domain. Compared to the MW
power the time-domain is easier to control with higher precision . The resonance
condition is the pulse spacing:

τ = k

νL
, (2.21)

with the Larmor frequency of the target nucleus νL and k being most effective
for values of k = 3, 5, 11, 13 [32, 87, 150]. In case of values of k = 1, 7, 9, 15, 17
the prefactor of the spin flip Hamiltonian defining the transfer speed changes from
2(2+

√
2)A⊥/kπ to 2(2−

√
2)A⊥/kπ making these k-values slower [150]. In general, higher

values of k diminish the polarization transfer speed as 1/k (see equation 2.20). In
order to change the polarization direction there are two possibilities, either a π

pulse is applied at the beginning of the polarization sequence, or the phases of the
pulse sequence are applied in a reversed order. It is important to mention, that
pulse errors (especially phase errors of the two consecutive π/2-pulses) can shift the
resonance condition. This shift can be measured and corrected as described in figure
2.15(b) or the supplementary information of Schwartz et al.[32]. In addition, it is
required to use short pulses, such that the Rabi frequency of the pulses Ω� νL,n. In
case of MW power limitations the Rabi frequency and the nuclear Larmor frequency
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might be in the same order, such that the MW pulses cover a significant time of
pulse spacing τ . Such limitations lead to a reduction of the transfer capability (A
full polarization transfer is not possible any more, as in ISE) and a slow down of the
polarization transfer. Simulations showed, that in case the total pulse time covers
20% of the total sequence length (Ω = 0.2·νL/k) a nuclear spin can still be polarized
up to 98%, and in case of 40% (Ω = 0.4 · νL/k) a value of 91% can be reached[150],
latter might be improved by adjusting τ . This problem can be solved by using higher
k-values with the disadvantage of reducing the polarization transfer speed linearly
with 1/k. However, when high MW powers (Ω > 0.2 · νL/k and Ω > 0.4 · νL/k with
adjustments of τ [151]) can be provided for broadband MW pulses, PulsePol is a
very robust and efficient polarization technique.

(a)

[ ]
2N

Laser π
2y

π
x

π
2y

π
2-x

π
y

π
2-x

τ/4 τ/4 τ/4τ/4
(b)

Laser π
2x [ ]

2N
π
2y

πx

π
2y

π
2-x

πy
π
2-x

π
2x

τ/4 τ/4 τ/4τ/4

Figure 2.15: (a) Pulse sequence of PulsePol. Increasing N leads to higher polarization time
and consequently to a more narrow filter function (see chapter 2.2.5) (b) In order to correct for
phase errors one can perform a measurement of the PulsePol sequence with an additional π/2-
pulses before and after the sequence. The absolute value of the shift of τ can be determined by
fitting the oscillating signal of the NV fluorescence over N with the frequency f and calculate
the corrected pulse spacing τcorr = (1 + f/k) · τ .

The PulsePol sequence was applied to NV centres in diamonds in chapter 3.3.4
and in [32, 152]. Lang et al. showed the superior robustness of PulsePol compared
to a CPMG based polarization sequence [152, 153].
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3 Experimental Results

In this chapter an overview of the experimental results is given and the performed
research is set in a general context. The observations presented in this thesis could
find applications in the fields of quantum computation and nano-scale sensing. Here,
the focus is put on building up and measuring hyperpolarization of nuclear spins
using the NV centre in diamond. All experiments described here can be directly
linked to the realization of this goal.

3.1 Hyperpolarization of a bulk diamond
NMR signals depend crucially on the nuclear spin polarization as described in
chapter 2.1. In order to increase these signals in diamond the high electron spin
polarization of NV centres, exceeding 92% [1], is build up by the illumination with
green laser light and then transferred to nuclear spins by applying microwave pulses.
Electron spin polarization can be measured in an Electron paramagnetic resonance

(EPR) spectrometer, hence optically induced polarization of NV centres in diamond
can be quantified by the enhancement of the EPR signal. In figure 3.1a, an EPR
spectrum of NV centres is shown consisting of three lines originating from the hy-
perfine structure of 14N, which has a natural abundance of 99.6% [154]. These EPR
experiments were performed in a commercial pulsed X-band spectrometer (Bruker
ELEXYS II). The two data sets show the signal with and without optical pumping.
In this sample the thermal signal of NV centres in diamond is hardly visible, but by
applying green laser light the EPR line is enhanced by about three orders of mag-
nitude. This enhancement depends linearly on the laser power, where saturation
effects should appear at significantly higher laser powers. In confocal experiments
NV centres typically saturate in the order of approx. 200µW per diffraction-limited
focussed spot of a green laser beam. Here, the laser beam was broadened to illumin-
ate the whole diamond; meaning that about 350mW illuminated a spot within a
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diameter of about 3mm. This corresponds to a laser power of about 0.5 nW within
a confocal spot, which is about six orders of magnitude lower than the saturation
power. The power dependence measurement, displayed in figure 3.1b, supports the
statement above by showing a linear increase of the EPR signal. The goal of this
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Figure 3.1: Hyperpolarization of NV electron spins (a) EPR signal of a bulk diamond with
and without optical pumping. (b) EPR signal enhancement depending on the laser power.
350mW laser power enhances the EPR signal by about 3 orders of magnitude. This figure
is adapted from Scheuer et al. [30], Creative Commons Attribution 3.0 licence (CC BY 3.0),
(see chapter 5.1).

experiment is hyperpolarization of nuclear spins; Hence the next step is to transfer
the high level of electron spin polarization to nuclear spins. Therefore a microwave
sequence called nuclear orientation via spin locking (NOVEL) is applied [142, 104],
described in detail in chapter 2.3.3. During the spin locking sequence the energy
splitting of the NV’s electron dressed state can be adjusted via the amplitude of
the locking pulse. By matching the Rabi frequency of the electron spin during the
spin locking to the Larmor frequency of the 13C nuclear spins, the two spin species
are brought into resonance. This matching fulfils the Hartmann-Hahn condition
and flip flop processes between the electron and the nuclear spins are energetically
allowed, see equation 2.15 [141, 142]. The repeated optical polarization of the NV
electron spin in the bright |mS = 0〉-state combined with flip flop processes results in
a polarization build up within the nuclear spin bath. It is important to note that in
this experiment the crystal was orientated such that one of the four NV orientation
was aligned along the magnetic field B0 ≈ 0.44mT.
NMR measurements can quantify successful hyperpolarization, and for this pur-

pose a commercial NMR spectrometer (Bruker Fourier 300) was used. The experi-
ments were carried out at the Bruker Bio Spin facilities in Rheinstetten, Germany,
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3.1 Hyperpolarization of a bulk diamond

and the distance between the EPR spectrometer and the NMR spectrometer is about
100m, restricting the transfer time to about 60 s. Here, long nuclear T1 times are of
advantage and this influenced the choice of the diamond sample. A low content of
paramagnetic defects can yield high T1 times up to tens of hours [155, 156], the dia-
mond used in the here presented experiments has a defect concentration of 0.5 ppm
P1 centres and 50 ppb NV centres. The concentration of NV and P1 centres is one
of the factors determining the maximum achievable polarization of nuclear spins.
Therefore, the concentration of NV centres should be sufficiently high to have a
good NV to nuclear spin ratio, but the nitrogen content should be sufficiently low
to keep good nuclear relaxation properties; additionally the P1 to NV ratio has to
be sufficiently high such that the charge state of the NV stays stable [157]. During
the sample transfer from the EPR to the NMR spectrometer the diamond was kept
in close proximity to a permanent magnet with a magnetic field strength of a few
hundred Gauss at the surface. The nuclear spin polarization was observed in a 7T
(300MHz) NMR spectrometer and the measured signal can be seen in figure 3.2. To
evaluate the enhancement factor a spectrum after 13h thermalization in the 7T mag-
net was taken. Comparable times were measured as T1 times of 13C nuclear spins in
diamond [155]. In comparison to the thermal signal we observed a 45-fold signal en-
hancement, where 5min hyperpolarization build-up time is compared to the 13 h of
thermalization. Such a signal enhancement results in a 2025-fold1 acquisition speed-
up to observe the same signal to noise ratio. The achieved hyperpolarization signal
is estimated to be 0.054% assuming that the nuclear spins are fully thermalized after
13 h. A measurement of the T1 time was not possible, due to limited measurement
time at the Bruker facilities. In order to exploit successful transfer of high polar-
ization of optically-pumped NV electron spins in live sciences, the hyperpolarized
target material has to be appropriate for the corresponding application. Therefore,
either the polarization has to be transferred to external molecules or hyperpolarized
nanodiamonds have to be connected to biologically interesting molecules. Standard
polarization transfer methods, where a well defined resonance has to be matched,
are very inefficient in the case of broad resonance lines. A broadening of the electron
spin resonance takes place for example in the case of random crystal orientations
in nanodiamonds ensembles or when electron spins couple inhomogeneously to close

1In order to reach the same signal to noise ratio of a 45-times stronger signal, it is required to
average over 452 = 2025 measurements.
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nuclear spins or to charges at the surface. To overcome this problem the polarization
sequence has to cover a wide range of frequencies. This can be achieved by sweeping
the frequency over a Landau-Zehner transition, where polarization is transferred
using the integrated solid effect, described in chapter 2.3.4. A chirped microwave
pulse within a frequency range of 100MHz symmetrically around the electron spin
resonance and with a duration of about 333µs leads to polarization transfer even
under a misalignment between 5.5◦ and 11.5◦. This effect is investigated in detail
with a single NV electron spin in section 3.3.2.
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Figure 3.2: Hyperpolarization of 13C nuclear spins (a) NMR signal of 13C nuclear spins after
5min hyperpolarization (orange) and after 13 h thermalization at 7T (blue, data multiplied with
a factor of 10). (b) Polarization sequence: every 10ms ( about T1,e) a π

2 -pulse followed by a
200µs spin locking pulse under continuous illumination. This figure is adapted from Scheuer
et al. [30], Creative Commons Attribution 3.0 licence (CC BY 3.0), (see chapter 5.1).

3.2 Detecting nuclear spin polarization with a
single electron spin

Polarization of nuclear spins in bulk diamond has interesting applications like nano-
diamond tracers for MRI or optically-induced hyperpolarized NMR as described
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3.2 Detecting nuclear spin polarization with a single electron spin

in the introduction of this thesis. On the nanoscale NV-induced hyperpolarization
provides further applications, where a nuclear spin bath is polarized via a single NV
centre:

• Single NV centres in diamond are quantum bits coupled to a nuclear spin bath,
which can serve as a memory of long lived quantum states. Here, polarization
techniques can help to initialize such a quantum memory.

• A bath of nuclear spins can be used for quantum simulations, e.g. with two
dimensional nuclear spin layers like a 100% 13C mono-layer within the diamond
[158] or a layer of boron-nitride just above the surface of the diamond [29, 159].
Polarization techniques can be used to manipulate nuclear spin baths.

• Hyperpolarization of external nuclear spins combined with RF control allows
to measure the free induction decay, which can lead to NMR signals with
narrow linewidths and high spectral resolution of nuclear spins within nano-
scale volumes [28].

• Unpolarized nuclear spins are a source of noise, hence polarization can help to
prolong coherence times of a central electron spin [104, 160].

All named applications demand non-selective polarization sequences which need
to be well understood and benchmarked against each other. In the following sections
different readout and polarization methods are described.

3.2.1 Detecting the suppression of nuclear spin noise

Nuclear spin bath polarization and its detection via a single NV centre in diamond
using a coherent polarization technique was measured by Paz London and myself
during my master thesis at the Institute for Quantum Optics at Ulm University
[104, 89]. We were able to show the polarization build up by measuring a five-
fold prolongation of the free induction decay (see chapter 2.2.5). High spin bath
polarization suppresses flip-flop processes between nuclear spins. This leads to a
decrease of magnetic field fluctuations and can lead to an increase of the dephasing
time of a central NV electron spin.
The polarization induced prolongation of coherence time T2 was shown by Taka-

hashi et al. [160] for P1 and NV centres in diamond. Here, the polarization was
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increased by cooling the sample to values close to liquid Helium temperatures. It was
observed that a prolongation could only be observed at very high degrees of polariz-
ation below a temperature of 11.5 K, corresponding to a spin polarization of about
46% at fields around 8.6T (MW frequency of 240GHz). These results indicate that
spin life times, like the dephasing time or coherence time, are only a good measure
of polarization at very high degrees of polarization, which is challenging for systems
of only tens to hundreds of nuclear spins, like in the interaction region of a single NV
centre. It is important to mention that the FID used as a method to quantify the
degree of nuclear spin bath polarization is very sensitive to the stability of the ex-
periment. The FID is decreased by fast and slow magnetic field fluctuations. Latter
can originate for example from magnetic field fluctuations due to the temperature
dependence of permanent magnets as well as by jitter of the MW frequency, arising
from imprecise evaluation of the Larmor frequency. Therefore a refocussing of the
MW frequency and power were used to correct for above-mentioned experimental
instabilities. In case of a 13C nuclear spin bath, where one nuclear spin is strongly
coupled to the central NV electron spin, as in the above mentioned single NV ex-
periments, a high increase of the T ∗2 time after nuclear polarization can be observed.
However, when no such strongly coupled nuclear spin is present the prolongation
of T ∗2 was not observed. This could be explained by the efficient polarization of a
strongly coupled nuclear spin and its dominant role (compared to weakly coupled
nuclear spins) in the dephasing process of the NV electron spin.

3.2.2 Observation of polarization transfer

Transfer of polarization from one spin to another is enabled via flip-flop processes.
Such events influences the state of both spins, hence, in case of transferring polar-
ization to nuclear spins via a central NV centre, the electron spin state is changed.
Coherent polarization techniques can be designed in a way such that the NV elec-
tron spin is in the bright state after one or an odd number of flip-flop processes
and otherwise in the dark state after no such process or an even number. In the
latter case no net polarization is transferred. Accordingly polarization transfer can
be detected via observing the fluorescence of the NV centre.
In a static, weakly coupled nuclear spin bath with long relaxation times, as it

is the case of 13C spins in diamond, the spin bath around a central NV electron
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Figure 3.3: Coherent transfer of polarization between a single NV electron spin and
a single 13C nuclear spin (left) Measurement of polarization transfer depending on the
resonance frequency of the polarization sequence. In this experiment the PulsePol sequence
was used (see section 2.3.5 and 3.3.4) and the resonance frequency matches the Larmor
frequency of 13C. Here, a single NV centre is measured, which is coupled to a single 13C
and no further nuclear spin bath, therefore a contrast exceeding zero can be observed. The
contrast is calculated by subtracting two normalized fluorescence signals, where the phase of
the first π/2-pulse differs by 180 ◦. This prevents net polarization build-up and therefore also
prevents a suppression of the polarization transfer signal. Measuring strongly diffusing nuclear
spins like external hydrogen spins in oil shows a maximal drop of contrast to zero. (right) The
state of the single 13C nuclear spin can be precisely read out via single-shot readout (SSR)
[1, 161]. Here, the nuclear spin state is measured after 10 repetitions of a PulsePol sequence
resonant to the nuclear spin Larmor frequency. The data was corrected for NV charge state
via an orange laser by post-processing as described in reference [162]. When increasing the
polarization time, coherent oscillations are observed, which do not reach full contrast for two
reasons. First the system decoheres (green) and second the electron spin is not fully polarized
into the |0〉-state (blue), leading to opposite polarization in case of a initialization into the
|−1〉-state. These measurements were performed with the help of Simon Schmitt from the
Institute of Quantum Optics at Ulm University.

spin can be polarized very efficiently. In a fully polarized spin bath the polarization
transfer is saturated and one can not observe any flip-flops. Hence, in order to
detect polarization transfer, it is important to apply polarization transfer in an
alternating manner. This leads to a polarization transfer to both nuclear spin states
|mI = ±1/2〉, such that no net polarization is established. This effect can be utilized
to quantify polarization build up, described in the next subsection.
The basic principle of optical polarization readout requires a coherent evolution

of polarization dynamics. An optically polarized NV centre (|↑e〉) transfers the
polarization to a coupled nuclear spin (|↓n〉) after a certain time (|↑e↓n〉 → |↓e↑n〉),
waiting for this time again leads to a transfer of the polarization back to the electron
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spin (|↑e↓n〉). These electron-nuclear spin dynamics describe coherent oscillations in
the fluorescence signal. A central NV centre in a typical nuclear spin environment
is coupled to multiple nuclear spins, such that the readout shows an averaged signal
of different oscillations depending on the hyperfine coupling distribution. In an
isotopically enriched diamond it is possible to find NV centres which are coupled to
solely one nuclear spin. Such a “clean” two spin system is used to reveal coherent
polarization transfer and as an evidence of coherence the phase-cycling is showing
a negative fluorescence contrast (see figure 3.3). The state of a single nuclear spin
coupled to a single NV centre can be determined by the single-shot readout technique
(SSR) as described in reference [1, 161]. Using this method coherent polarization
transfer from a single NV centre to a single 13C nuclear spin is shown in figure 3.3.
Furthermore, this experiment shows the limits of polarization build-up determined
by the imperfect initialization of the NV electron spin.

3.2.3 Polarization readout via polarization inversion -
PROPI

When an electron and a nuclear spin are brought into resonance, their interac-
tion leads to oscillations of the electron spin state as a function of the interaction
time. Such coherent oscillations describe interesting phenomena like a maximally
entangled state when the electron spin reaches the superposition state or a swap of
population between the electron and the nuclear spin after an evolution of half a
period [104]. This full inversion of population means that one spin quanta is trans-
ferred2, which is the maximal value reachable within one polarization transfer step.
Accordingly a partial flip of the electron spin indicates a partial transfer of a polar-
ization quanta. As a consequence no change of the electron spin state corresponds
to no transfer of polarization due to:

• not matching the conditions for polarization transfer,

• zero spin flips or an even number of flips,

2Assuming perfect initialization of the NV electron spin, no decoherence effects and a spin-1/2
system for electron and nuclear spin.
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3.2 Detecting nuclear spin polarization with a single electron spin

• no flip-flop process is possible because all nuclear spins are oriented in the
same direction as the NV centre, which is aligned (anti-)parallel to the external
magnetic field.

Hence, if the applied polarization technique is matching the resonance condition and
the interaction time is set, such that at most one spin flip is possible, observing no
polarization transfer indicates that the nuclear spin bath is already polarized.
These observations lead to the conclusion that by measuring the polarization sat-

uration behaviour, the degree of polarization can be measured. In order to obtain a
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Figure 3.4: Schematic description of PROPI Starting with a fully down polarized nuclear
spin bath (|↓↓↓ ...〉) a polarization sequence is applied for N cycles polarizing the spins to a
certain degree into the |↑〉-state. Then the spin bath polarization is inverted and thereby read
out. The readout sequence is applied with optimized polarization parameters M times such
that the polarization is fully saturated. The whole experiment has to be repeated R times such
that statistics is acquired. The initial state (*) is a fully polarized state, which is initialized by
the M readout pulses. The first cycle r = 1, where the bath is unpolarized, can be neglected
due to the high number of total repetitions R = 104. This figure is adapted with permission
from Scheuer et al. Physical Review B 96, 174436 (2017) [31]. Copyright (2017) by the
American Physical Society (see chapter 5.2).

quantitative polarization measure the Polarization Read-Out via Polarization
Inversion (PROPI) method was developed. In the following explanation the two
nuclear spin states are defined as |↑〉 and |↓〉. The PROPI technique consists of two
parts: First polarization is build-up into the |↑〉-state by applying a polarization
sequence N -times and secondly polarization is inverted by performing M polariza-
tion steps in the opposite |↓〉-state. The first part is the manipulation or benchmark
element, where e.g. novel polarization techniques with unknown parameters and
performance can be set. The second part serves as a readout and initialization ele-
ment, where a well known polarization sequence is set to optimal parameters and
the number of polarization steps M is ideally sufficient to saturate the polarization
of the nuclear spin bath.
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The change of the nuclear spin bath polarization during the experiment is illus-
trated in figure 3.4. Initially the nuclear spin bath is polarized in the |↓↓↓ ...〉-state3.
Depending on the polarization efficiency of the sequence during manipulation part
the nuclear spin bath becomes partially to fully polarized |↑↑↓ ...〉 and in the readout
and initialization part it is again saturated into the |↓↓↓ ...〉-state.
The readout of polarization is measured via the M repetitions. Here the

amount of polarization introduced by the manipulation part is inverted. The po-
larization signal is quantified by the area between the fluorescence decay curve and
the offset value determined by the saturation level, shown in figure 3.5c (red area).
This saturation level does not correspond to zero, because various reasons can lead
to an offset. Relevant examples are decoherence, pulse imperfections, spin relaxa-
tion, off-resonant driving, or that not all nitrogen hyperfine states participate in the
polarization transfer. Latter is the main reason for the offset in our case, due to
selective excitation of the highest populated 14N-hyperfine state and the others only
being driven off-resonantly(See ODMR spectrum 2.5 at 1750G.). All these effects
are contributing to the offset and by excluding it from the signal area (see red area
in figure 3.5c), the polarization signal depends solely on the degree of polarization
of the nuclear spin bath.

It is important to mention that sequences which should supposedly build-up polar-
ization can also destroy polarization or manipulate the spin bath in a different way.
Such processes can also change the electron spin state. Therefore, the well-calibrated
polarization inversion and not the actual build-up during the manipulation part
serves as the readout signal. In order to confirm that the manipulation part is
building up polarization and not only destroying nuclear polarization or decohering
the nuclear spin bath, the readout of the experiment can be performed consecut-
ively in both polarization directions |↑〉 and |↓〉, while keeping the manipulation
part identical. If the polarization signal of one direction is zero, pure polarization
build-up is ensured. Hence, PROPI empowers its user to benchmark the polarization
transfer of a certain technique independent of the technique’s optical polarization
readout fidelity.

3This is true for all repetitions of the whole PROPI sequence R (N and M), except the first one
r = 1. Due to the high number of R which is in the performed experiments between 104 and
106, the first repetition is negligible.
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Figure 3.5: PROPI readout (a) PROPI sequence using NOVEL for the build-up and readout
part both set to optimal parameters (b) Fluorescence signal during the build-up. For different
numbers of sequence repetitions N = 2, 50, 200, where the polarization cycle is n = 1..N . One
can see that N = 2, 50 polarization cycles are not sufficient for the saturation of the spin bath
polarization. (c) Fluorescence signal ofM = 200 cycles shows that the area below the signal is
proportional to the beforehand injected number of polarization cycles N . Simulation (dashed
curve) averaging 30 typical spin baths shows good agreement. (inset) The red area shows
the signal area. (d) The initialization corrected NV readout matches very well the simulated
polarization build-up m = 1..M . (e) Quantitative polarization build-up over N . The orange
curve is a guide for the eye. This figure is adapted with permission from Scheuer et al. Physical
Review B 96, 174436 (2017) [31]. Copyright (2017) by the American Physical Society (see
chapter 5.2).

Quantification of the PROPI technique

A quantitative polarization measure can be designed in a way such that the fluor-
escence signal will correspond to the probability of a full flip-flop precess, when the
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fluorescence is normalized to the full electron spin inversion between the states |0〉
and |1〉. The offset subtraction compensates for all effects which are observable
in the fluorescence signal, like the additional hyperfine states. The imperfect ini-
tialization of the NV centre into only 70% negatively charged state and only 92%
|mS = 0〉 electron state [1] has to be taken into account, by renormalization of the
signal area. When the NV is initialized in the wrong charge state or in the wrong
electron spin state |mS = +1〉 no polarization is transferred. Comparing the meas-
urement initialization-corrected results with the simulation of polarization build-up
performed by Ish Dhand4 [30] a very good agreement is observed. This leads to the
conclusion that we can deduce the number of inverted spins during the readout part
in a quantitative manner.
It is important to note that one has to be careful with the quantitative statement,

when certain parameters are not set correctly. First the repolarization part which
yields the initialized state is ideally fully saturated. Here the trade-off between
degree of saturation and total measurement time has to be optimized. A too low
degree of polarization in the initial state leads to a systematic error and an under-
estimation of the actual amount of polarization built up. This error only introduces
a factor on the deduced number of inverted spins and does not show "false positive"
polarization build-up.
Another problem to be mentioned is the faulty NV electron spin initialization,

which can lead to a polarization transfer into the opposite direction. When the NV
centre is initialized into the |mS = −1(+1)〉 state instead of |mS = 0〉 as the initial
state for the polarization sequence. The probably of such an incident is P (mS =
+1(−1)|NV −) = P (NV −) · P (mS = +1(−1)) = 0.028, where P (NV −) = 0.7 and
P (mS = +1(−1)) = 0.04 [1]. This effect shifts the steady-state polarization and due
to the low probability this effect was neglected in the simulations. The imperfect
initialization of NV electron spin polarization sets the upper limit of the polarization
build-up exceeding a value of 92% [1, 78].

The polarization volume

The volume of polarization or interaction volume depends on various parameters like
the spin density, nuclear relaxation time, coupling to the nuclear spins, polarization

4Institute for Theoretical Physics, Ulm University
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rate, build-up time, spin diffusion and physical diffusion of the nuclear spins. In case
of diamond with a natural abundance of 13C Ish Dhand carried out simulations5 and
was able to estimate the interaction region. All spins within a 10 kHz coupling are
being fully polarized, spins between 10 kHz and 2 kHz are partially polarized and
nuclear spins with lower couplings can not be polarized directly via the NV centre.
Latter described spins can be polarized via spin diffusion when the NV centre is
initialized in the |mS = 0〉 state.

Applications of the PROPI technique

The PROPI technique can be applied to investigate polarization dynamics, when
it is possible to build-up stationary nuclear polarization around an electron spin.
This ability can be limited by spin diffusion, physical diffusion or a short nuclear
relaxation time. In case of fast diffusion as in liquids the polarization to be probed
diffuses before the measurement and this technique is not applicable. Furthermore,
the PROPI technique can be used to observe dynamics of the nuclear spin polariza-
tion by manipulation via radio-frequency pulses resonant to the nuclear spins. This
enables the investigation of individual nuclear spin baths by measuring dynamics
like Rabi oscillations or free induction decay [158].

3.3 Dynamical nuclear polarization sequences

Coherent transfer of polarization from an electron spin to nuclear spins is established
by bringing the two spin species into resonance. This can be achieved in different
ways for example by locking the electron spin with a MW amplitude matching
the nuclear Larmor frequency, or by sweeping a MW frequency over the electron
spin resonance quasi-adiabatically, or by matching the spacing of MW pulses in
a pulse sequence designed to form a flip-flop Hamiltonian. Techniques fulfilling
these conditions are described, experimentally implemented and benchmarked in
the following subsections.

5Here typical NOVEL parameters were used with a 10µs spin locking time, N = 50 and M =200
cycles
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3.3.1 Nuclear orientation via electron spin locking
(NOVEL)

Electron spin polarization can be transferred to nuclear spins via locking the electron
spin with a driving field strength Ω = γNVB1 corresponding the Larmor frequency of
the nuclear spins. This condition is referred to as Hartmann-Hahn resonance. The
theory concerning the NOVEL technique is described in detail in chapter 2.3.3 and
the pulse sequence is illustrated in figure 3.6 (a). The Hartmann-Hahn resonance can
be observed via two different techniques: Observing the polarization transfer (see
section 3.2.2) and the polarization build-up with PROPI (see section 3.2.3). Both
experiments are shown in figure 3.6. The interaction time between the two spin
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Figure 3.6: Polarization of a 13C nuclear spin bath via NOVEL (a) Measurement se-
quence; In the single-cycle experiments the repetitions are set to N = M = 1 and in the
PROPI experiments to N = 50;M = 200. (b) Observation of the Hartmann-Hahn resonance
(c) Increasing the interaction time between the two spin species via the spin locking time. The
single cycle data was inverted for easier comparison. This figure is adapted with permission
from Scheuer et al. Physical Review B 96, 174436 (2017) [31]. Copyright (2017) by the
American Physical Society (see chapter 5.2).

species is defined in the NOVEL sequence via the spin locking time. In figure 3.6(c)
the effects of this parameter is shown and one can observe the differences between the
two applied readout techniques. The measurement of the polarization transfer shows
oscillations which reveal additional artefacts not related to polarization effects. The
spin locking pulse is only exciting the main 14N hyperfine transition resonantly, the
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two additional hyperfine transitions undergo an off-resonant driving, which leads
to the observed oscillations. The PROPI measurement does not suffer from this
artefact, due to the separation of the manipulation and the readout of polarization.

Applicability

The applicability of the NOVEL sequence depends on the matching of the Hartmann-
Hahn conditions. This resonance demands high stability and precision of the MW
amplitude and good adjustment of the MW amplitude to the electron Larmor fre-
quency. The Hartmann-Hahn resonance ΩRabi = ωL,n in diamond with a natural
abundance of 13C has typically a width of about 100 kHz as shown in 3.6(a). The
effective Rabi frequency Ωeff =

√
Ω + ∆ depends on the MW frequency detuning

∆ and therefore the MW frequency has to be set precisely. Here, higher Rabi fre-
quencies Ω are of advantage. First, they dominate the effective Rabi frequency, and
second, in case of 1/f -noise the noise amplitude at higher frequencies f is lower.
For single NV centres the MW and the magnetic field spacial homogeneity does
play a minor role and NOVEL can be applied easily. However, the MW frequency
and amplitude have to be kept resonant during the time of the experiment, which
requires a refocusing of the MW frequency and in case of power fluctuations a peri-
odic optimization of the MW amplitude. When the NOVEL sequence is applied to
ensembles in a bulk diamond the MW field in the resonator and the B0 field have
to be homogeneous in order to excite one of the four aligned NV axes. NOVEL
performs poorly in nano-diamond ensembles, where the NV crystal axis can not be
aligned with the external magnetic field, resulting in a spread of electron Larmor
frequencies of 2 · DZFS ≈ 5.74GHz. Furthermore, the magnetic field strength can
be a limiting factor. At high magnetic fields the MW power needed to match the
nuclear Larmor frequency is high (tens of MHz), this is technically challenging and
heating can be significant. At very low magnetic fields and hence low nuclear Lar-
mor frequencies the electron spin is not efficiently spin locked, leading to a short
relaxation time in the dressed state T1ρ resulting in a limitation of the interaction
time.
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3.3.2 Integrated Solid Effect (ISE)

The integrated solid effect utilizes chirped MW pulses to transfer polarization by
sweeping over a Landau-Zehner transition. An adiabatic passage over the electron
spin transition yields an electron spin flip; In order to create a flip-flop process
with a nuclear spin the sweep has to be quasi-adiabatic. The coupling between
electron and nuclear spin leads to two Landau-Zehner transitions. By passing these
transitions the so called Stückelberg phase is accumulated and depending on this
phase a flip-flop process is taking place [144]. Therefore, an intermediate sweep
rate is needed to reach an optimal final flip-flop probability. The conditions are
described in more detail in the theory chapter 2.3.4. There are three parameters
to adjust for successful polarization transfer. First, the sweep range has to be wide
enough such that all NV transitions are covered (see fig. 3.7(b)), second the sweep
rate ν has to be slow enough ν � Ω2 [144] (see fig. 3.7(c)), but not too slow to
suffer from decoherence and third the MW amplitude or Rabi drive Ω of the sweep
should be set around the Hartmann-Hahn condition (see fig. 3.7(d)). When varying
the sweep rate or the MW amplitude an oscillation is observed. This oscillation
originates from the accumulation of the Stückelberg phase which is dependent on
the coupling of the single electron spin to the nuclear spin bath and thereby can only
be fully observed in a system where a single electron spin couples to one individual
nuclear spin. Hence, this effect is suppressed in ensemble experiments, where these
oscillations are typically averaged out.

Applicability

The area of application for the ISE sequence is for situations where the electron
spin resonance line is broad. Such broadening occurs with NV centres for example
in powders of nanodiamonds or when the linewidth is inhomogeneously broadened
by strong coupling to nuclear spins, e.g. in enriched 13C diamond samples [139]. Due
to the comparatively slow build-up of polarization it is difficult to polarize nuclear
spins with low hyperfine coupling since the maximum sweep length is limited by the
coherence and relaxation time of the electron spin. Furthermore the sweep range
is limited by the bandwidth of the MW excitation, which can be small in a high-Q
MW resonator.
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Figure 3.7: Sequence and parameters of polarization transfer via ISE. (a) PROPI pulse
sequence to study the ISE. The polarization build up depending on the three parameters: sweep
range (b), inverse sweep rate (c) and MW amplitude (Rabi drive) (d) is shown. Stückelberg
oscillations are observed when varying sweep rate or Rabi drive. For more details see text and
[31]. This figure is adapted with permission from Scheuer et al. Physical Review B 96, 174436
(2017) [31]. Copyright (2017) by the American Physical Society (see chapter 5.2).

3.3.3 Enhancing robustness by exploiting the double
quantum (DQ) transition

Using the double quantum transition (|−1〉 ↔ |+1〉) enhances the robustness of the
polarization in two ways. First, there is compared to the single quantum transition a
two-fold increase of the dipolar moment, which leads to a two-fold stronger hyperfine
coupling and thereby a speed-up of the polarization transfer process. And second,
for the double quantum transition the transition energy shifts less when misaligning
the magnetic field, compared to the SQT. In figure 3.8(a) the energy dependent on
the magnetic field is plotted for different alignments of the magnetic field in respect
to the NV axis. The mixing of energy levels leads to a stronger shift of the levels
|0〉 and |−1〉 resulting in a stronger deviation of the single quantum transition en-
ergies (|0〉 ↔ |±1〉). The transition frequency shift depending on the magnetic field
misalignment is plotted in figure 3.8(b). This resonance shift is significantly smaller
for the DQ transition compared to the two single quantum transitions (SQTs). The
feasibility of polarization transfer in the DQ regime was shown for NOVEL and ISE
(Data not shown here, see [31]).
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Figure 3.8: Energy splitting depending on misalignment The energy transitions of the
NV triplet state depend on the field and the misalignment. (a) Calculated energy splitting of
three different alignments between the magnetic field and the NV crystal axis (0◦, 30◦, 60◦).
(b) Resonance shift of the SQT and the DQT transitions depending on the magnetic field
alignment. The solid lines show the behaviour at 1750G. At higher fields (1T) the difference
between the SQT and the DQT is stronger (dashed line). This figure is adapted with permission
from Scheuer et al. Physical Review B 96, 174436 (2017) [31]. Copyright (2017) by the
American Physical Society (see chapter 5.2).

Applicability

The area of application for polarization sequences in the DQ regime is, where better
robustness is required. In theory this type of enhancement can be applied to any
polarization sequence. Technically it is challenging to achieve very strong DQ Rabi
frequencies, which makes the application to NOVEL at high fields and broadband
pulsed sequences difficult. The drive of two frequencies in different frequency ranges
can be needed for the DQ transition. The need of two different frequencies leads to
the requirement of broadband MW equipment. Here, a technical difficulty that the
attenuation of the two frequencies can be very different due to non-flat frequency
response of the microwave guides.

3.3.4 PulsePol

Polarization can be transferred in a robust manner via the previously described
method of ISE. Unfortunately this technique has a inferior polarization build-up ef-
ficiency compared to the NOVEL technique, where a saturation can be seen already
after 10µs interaction time compared to about 30µs via ISE (see chapter 2.3.4).
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3.3 Dynamical nuclear polarization sequences

Ilai Schwartz and Benedikt Tratzmiller6 used Hamiltonian engineering to develop a
pulsed polarization scheme, which is almost as efficient as the NOVEL sequence. The
theoretically described robustness to detunings of the MW frequency was verified
experimentally by us and the data is shown in figure 3.9. It displays the polarization
build-up behaviour depending on the detuning of the MW frequency during the po-
larization build-up with PulsePol. The comparison of the polarization performance
to NOVEL reveals the wide polarization bandwidth provided by the pulsed scheme.
The bandwidth corresponds roughly to the Rabi frequency of the MW pulses, which
was in this case about 50MHz, by far not being the limit feasible in such experi-
ments [163]. Furthermore a huge advantage of this sequence is the matching of the
resonance condition via the spacing of the pulses τ instead of the adjustment of the
MW power, like in the NOVEL sequence. The resonance condition is defined as
τ = k

νL
, where k is an odd number and νL is the nuclear Larmor frequency. Simula-

tions showed that k = 3, 5 perform best. For a more detailed description see chapter
2.3.5. It is important to mention, that a shift from the polarization condition τ = k

νL

was observed experimentally. Simulations showed that a phase error of the central
two π/2 pulses leads to such a shift and by correcting this error in the pulse sequence
it was possible to correct the shift of the resonance condition. This shift of the
resonance condition can be obtained experimentally as described in chapter 2.3.5.

Applicability

The PulsePol sequence can be applied in a wide range of circumstances. This se-
quence outperforms NOVEL in robustness, while the efficiency is reduced by only
30%. At the same time it is possible to cover a wide range of detunings as with the
ISE. The requirement of high Rabi drives limits the use of the PulsePol sequence,
when strong MW drive can not be achieved. The bandwidth of the sequence de-
pends on broad MW pulses, the maximum length of the pulses is limited by the
ratio of pulses to the spacing between them τ of about 20%, this constraint could be
overcome by applying pulse shaping described in J. Casanova et al. [164]. It is im-
portant to mention that for different conditions different adaptions of the PulsePol
sequence outperform the pulse sequence described here. However, under certain
conditions such sequences can also polarize into the opposite direction or destroy

6Institute of Theoretical Physics, Ulm University
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Figure 3.9: PulsePol sequence and experiment (a) PulsePol sequence and the readout via
PROPI, where for the initialization and inversion of the nuclear spin bath the NOVEL sequence
was used. (b) Comparing the bandwidth of PulsePol and NOVEL sequence. Experiment and
simulation show in good agreement that PulsePol has a bandwidth comparable to the drive
while NOVEL is limited by the narrow Hartmann-Hahn resonance. In the detuned NOVEL
experiment the PulsePol sequence was substituted with a detuned NOVEL sequence. This fig-
ure is adapted from Schwartz, Scheuer, Tratzmiller et al. [32], Creative Commons Attribution
NonCommercial License 4.0 (CC BY-NC 4.0) (see chapter 5.3).

polarization. This effect was not observed for the PulsePol sequence as shown in
the supplementary material of Schwartz et al. [32].

3.3.5 Bench-marking the build-up efficiency of NOVEL, ISE
and PulsePol

In order to compare the above mentioned polarization techniques the induced num-
ber of inverted spins was measured depending on the corresponding build-up time.
NOVEL and PulsePol show similar build-up dynamics, although theory predicts a
polarization efficiency of PulsePol being only 70% of the NOVEL efficiency. This
difference can be explained by the robustness of the polarization technique, which
covers all three hyperfine states, whereas NOVEL can only cover one hyperfine line,
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Figure 3.10: Benchmark of DNP sequences (a) Benchmark of DNP sequences Novel,
PulsePol and ISE, where for the range once the fastest working ISE sequence was chosen
(12MHz sweep range) and second a sequence similarly robust as PulsePol (52MHz sweep
range). The PulsePol and the NOVEL sequence show a similar polarization build-up time.
NOVEL and PulsePol perform comparably, yet, even the fastest ISE is slower. (b) Detuning
the MW frequency from the electron spin Larmor frequency by 20MHz brings the NOVEL and
ISE (12MHz) out of resonance conditions and no polarization is transferred. ISE(52MHz) and
PulsePol function well, though latter is significantly more efficient. This figure is adapted from
Schwartz, Scheuer, Tratzmiller et al. [32], Creative Commons Attribution NonCommercial
License 4.0 (CC BY-NC 4.0) (see chapter 5.3).

chosen to be the strongest polarized one (here 70%, see exemplary figure 2.5). As
expected ISE performs in this comparison worse. However, the ISE bandwidth is
freely adjustable within resonator constraints and up to a coherence time limit. In
the experiments an ISE bandwidth of 12MHz is chosen, where the ISE range is just
enough to function well, and a second bandwidth of 52MHz, where the bandwidth is
comparable to PulsePol. In addition the same experiment was repeated, for a MW
detuning of 20MHz from the NV electron Larmor frequency. The corresponding
data is shown in figure 3.10 (b). PulsePol and the broadband 52MHz ISE shows
unchanged polarization efficiency, but as expected the narrow-bandwidth ISE as
well as NOVEL do not transfer any polarization. Continuous DNP methods were
not considered in this comparison. It is difficult to compare polarization build-up
efficiencies between different spin species or even materials. However, it is worth
to mention that the described coherent polarization methods are more efficient at
higher magnetic fields, because the efficiency of the solid effect and cross effect di-
minishes with higher magnetic fields [131, 153]. Reynardt et al. compared NOVEL
and the solid effect and showed, that with thermally polarized P1 electron spins in
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diamond there is an electron spin concentration dependence. At a P1 concentrations
smaller than 5 ppm the solid effect is more efficient than the NOVEL sequence [165].
However, these results are difficult to compare to hyperpolarization with optically
polarized NV centres.

3.4 Transfer of polarization to external spins

The polarization build-up of 13C nuclear spins in diamond is shown in this thesis with
several techniques, like the direct measurement in the NMR spectrometer in section
3.1 or on a single spin level with PROPI in section 3.2.3. Measuring a single-cycle
PROPI experiment (M = N = 1, both NOVEL) inside of diamond and varying the
spinlocking amplitude around the Hartmann-Hahn condition shows the resonance
as a dip in the fluorescence signal (see figure 3.6). However, when applying only one
polarization direction during PROPI (N = 0;M = 1) the signal at the resonance
vanishes. The reason for this behaviour is the working principle on which PROPI is
based on. The electron-nuclear spin flip probability is encoded into the fluorescence
signal. In a nuclear spin bath which is polarized up to saturation, flip-flop processes
with the optically polarized electron spin have a low probability and flip-flip pro-
cesses are very improbable. Hence, no spin flip is detected and accordingly no signal
is observed at the Hartmann-Hahn resonance. In case of a diffusing spin bath, either
by spin diffusion or by physical diffusion, a build-up of polarization is only possible,
if the spin bath is static within one experimental cycle. The Hydrogen nuclear spins
of immersion oil in the vicinity of a shallow NV centre are not sufficiently static,
such that a polarization build-up is not observable. Nevertheless it is possible to
show the transfer of polarization via the loss of polarization of the NV electron spin.
A single-cycle PROPI experiment (M = N = 1) as described in chapter 3.2.2 shows
a dip in fluorescence at the Hartmann-Hahn resonance corresponding to the Larmor
frequency of Hydrogen, this experiment is displayed in figure 3.11. The loss of elec-
tron spin polarization resonantly to hydrogen nuclei is an evidence of the transfer of
polarization to the external nuclear spin bath. In order to ensure that the observed
signal can only be explained by polarization transfer our experimental findings were
compared to theory. Pelayo Acebal-Fernández7 simulated the polarization dynam-

7Institute for Theoretical Physics, Ulm University
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Figure 3.11: The spin locking spectrum shows a dip at the Hartmann-Hahn conditions, where
the spin locking MW amplitude corresponding to the Rabi frequency Ω is matching the Larmor
frequency of 1H. The spin locking interaction time τ is set to 20µs. The fluorescence contrast
is measured via "phase-cycling" as described in section 2.2.5. This figure is adapted with
permission from Fernández-Acebal et al. Nano Lett. 2018, 18, 3, 1882-1887. Copyright
(2018) American Chemical Society. [33] (see chapter 5.4).

ics and Oded Rosario8 calculated analytically the dynamics of shallow NV centres
polarizing external nuclear spins. These polarization dynamics were measured by
varying the spin-locking interaction time or polarization time τ while monitoring
the fluorescence level of the NV centre. An excellent agreement between numerical
simulation, analytical theory and experiments can be seen in figure 3.12 for two
shallow NV centres of different depths. An interesting detail in the simulation is a
revival of fluorescence which is present with the shallower NV centre. This recovery
of fluorescence originates from the sufficiently long interaction time to observe more
than only one spin flip indicating that the diffusion of the nuclear spins is slow in
comparison to polarization transfer. An interaction time of more than one spin flip
results in lower polarization efficiency and hence in a lower fluorescence, see figure
3.3, however, due to the small amplitude and the comparable noise level we can not
validate this effect by the experiment. For the deeper NV centre these oscillations

8Racah Institute of Physics, The Hebrew University of Jerusalem
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vanish, because the coupling to the external nuclear spins is too weak to observe
this effect within the interaction time limited by diffusion.
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Figure 3.12: Polarization transfer dynamics from the NV electron spin to an external nuclear
spin bath depending on the depth. Two different decays are shown for an NV with a depth of
3.2 nm (a) and 5.3 nm (b). The decay of fluorescence fits in good agreement to the numerical
simulations and the theory curve for the two different depths of NV centres. The dashed
curve shows the theoretical dynamics of polarization transfer without relaxation. The blue
data shows relaxation at a MW drive, which is not resonant to the nuclear spins. In the theory
curve as well as in the numerical simulation both effects are combined. The fluorescence
contrast is measured via "phase-cycling" as described in section 2.2.5. This figure is adapted
with permission from Fernández-Acebal et al. Nano Lett. 2018, 18, 3, 1882-1887. Copyright
(2018) American Chemical Society. [33] (see chapter 5.4).

A further evidence of polarization build-up would be the direct measure of hy-
perpolarization, and not only the loss of polarization observed with the polarization
source, the NV electron spin. Such an experiment is proposed in Schwartz et al.
[28], combining a qdyne measurement [109] with hyperpolarization. The difficulty
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of realizing such a hyperdyne experiment is the lowering of diffusion whilst keeping
good NV properties, like photo-stability and long coherence times. During this thesis
several approaches have been tried, like highly viscous oils, gels or solids. Unfortu-
nately the gels did not show a narrowing of the proton NMR signal, which would
indicate a slow down of translational diffusion. The chosen viscous liquids seemed to
quench the NV centres and measured solids eliminate the problem of short diffusion
or T1 times, but due to the short T ∗2 time in solids a hyperdyne measurement [28]
was not possible. Here, a different approach like the detection of a Overhauser field
could be tried. Furthermore, hyperpolarization of diffusing nuclear spins could be
observed by using nano-compartments, which would trap diffusing polarized spins
locally around the NV centre.

3.5 Accelerating data acquisition of 2D NMR
spectra

Nuclear magnetic resonance is a powerful tool for the analysis of chemical structures
heavily used in chemistry, biology and life sciences. The precise arrangement of
nuclei in a molecule, can be determined by measuring the couplings between nuclear
spins. Therefore not only a high spectral resolution is required but also multi-
dimensional measurements. Multi-dimensional spectra can be rich in information
but demand a large amount of data points and therefore acquisition time can scale
up exponentially. Especially in life sciences where samples develop over time the
length of data acquisition is restricted and usually short measurement times are
required. A speed-up of data acquisition is possible by reduction of the number
of data points using algorithms like compressed sensing, ideally without loosing
information [166]. Here, the mathematical technique of matrix completion [167, 168]
is utilized as proposed for 2D NMR spectra measured with NV centres by Matthias
Kost et al. [169]. By applying this technique to two different 2D spectra measured
by me with a single NV centre in diamond it was possible to show that only 10%
of randomly sampled data points are needed to retrieve the information given by
the full data set. The performed experiment was a two dimensional electron spin
echo envelope modulation (ESEEM) measurement, which gives information about
hyperfine couplings between electron and surrounding nuclear spins. The experiment
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was performed in two different situations. First, an NV centre, where the magnetic
field is misaligned to the NV crystal axis and second a NV centre coupled to a 13C
nuclear spin. In both experiments the matrix completion algorithm performed well
up to a reduction of data points to 10%, see figure 3.13. It is noteworthy that random
sampling in combination with a Fourier transform leads to similar results, where the
peaks are still identifiable, however, the signal to noise ratio is significantly reduced.
Another way of speeding up the data acquisition is to increase the signal to be

 0
 2

 4
 6

 8
 10

ν1 (MHz)
 0

 2
 4

 6
 8

 10

ν2 (MHz)

0

0.25

0.5

0.75

1
norm.

 signal (arb.u.)
0
0.2
0.4
0.6
0.8
1

 0
 2

 4
 6

 8
 10

ν1 (MHz)
 0

 2
 4

 6
 8

 10

ν2 (MHz)

0

0.25

0.5

0.75

1
norm.

 signal (arb.u.)
0
0.2
0.4
0.6
0.8
1

Figure 3.13: Data reconstruction via matrix completion ESEEM two dimensional spectrum
of an NV centre interacting with a 13C nuclear spin. (left) Fourier transformation of full data
set (right) Reconstructed spectrum with randomly chosen 10% of the data points. This figure
is adapted from Scheuer et al. [34], Creative Commons Attribution 4.0 International (CC BY
4.0) (see chapter 5.5).

measured, which depends crucially on the spin polarization. A 10.000-fold speed-
up of measurement time was reported comparing hyperpolarization with thermal
polarization [20]. However, one has to take the nature of a hyperpolarized signal
into account, whose signal lifetime can not be extended beyond T1 and is typically,
partially destroyed by its measurement. Hyperpolarization procedures can take a
long time and might be not easily repeatable, which means that every high SNR data
point has to be measured as efficiently as possible. Therefore, the combination of the
two techniques can form a powerful tool. In such a measurement the hyperpolarized
sample results into a great signal to noise ratio of a small number of data points
which randomly sampled and reconstructed with the matrix completion algorithm
leads to a fast data acquisition of potentially highly informative spectra.
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4 Summary and Outlook

4.1 Summary

During the time of this doctoral research study several experiments were performed
towards the goal of extending the detection limits of nuclear magnetic resonance.
Sensitivity or measurement speed of NMR experiments are often constrained by
the low level of nuclear polarization. In order to increase the polarization level of
13C nuclear spins in a bulk diamond, the high optically-induced polarization of NV
centre electron spins was coherently transferred to 13C nuclear spins, observed in
a commercial NMR spectrometer. Compared to a thermal signal at 7T a 45-fold
signal enhancement was measured corresponding to a speed up of three orders of
magnitude to observe the same signal to noise ratio [30].
Furthermore, the PROPI method to read out polarization by its inversion was

established in order to observe nuclear polarization build-up on the single NV level.
This enabled the study of polarization dynamics on the nano-scale, such as Landau-
Zehner-Stückelberg oscillations, which are hidden by ensemble averaging in con-
ventional magnetic resonance experiments. The PROPI technique facilitated the
benchmark of different DNP methods [31], such as the integrated solid effect, which
was characterized in detail and, by exploiting the double quantum transition of the
NV’s triplet state, the robustness was enhanced significantly. These methods can be
applied in the quest for polarizing diamond powders where the electron spectrum is
broadened over several GHz [31].
While being arbitrarily broadband (up to the pulse length reaching the coherence

time limit), the ISE sequence lacks polarization transfer efficiency (see 2.3.4). The
broadband polarization scheme PulsePol, based on short MW pulses was demon-
strated and its superior transfer efficiency was shown. Here, the resonance condition
between the electron and the nuclear spins is shifted from the MW power to the
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time domain, which reduces technical effort and increases robustness, when sufficient
MW power for short pulses is available [32].
For the applications of hyperpolarized NMR to real-world problems the host ma-

terial of nuclear spins is of crucial importance. There are two common schemes
involving optically polarized NV centres: first, the hyperpolarization of 13C nuclear
spins in nanodiamonds, and second, the transfer of polarization to nuclear spins in a
target material. A first step towards the latter goal is the transfer of polarization to
nuclear spins outside the diamond. Here, the loss of polarization of a single, shallow
NV centre to proton spins in oil molecules was successfully demonstrated [33].
In case of successful polarization build-up, this hyperpolarized signal has to be

measured; unfortunately a conventional NMR measurement destroys the nuclear
polarization. Therefore this precious signal has to be measured very efficiently. The
matrix completion algorithm allows to reconstruct a 2D NMR spectrum by acquiring
only 10% of the conventionally needed data points. Here, this theoretical proposal
was confirmed by the reconstruction of a 2D NMR spectrum measured with a single
NV centre in diamond [34].

4.2 Outlook

Successful hyperpolarization of nuclear spins with optically pumped NV centres re-
quires three basic conditions. First, the properties of the NV centre have to be
sufficiently good, including a high degree of optically induced electron spin polariza-
tion and good coherence properties during the electron spin manipulation. Second,
the polarization transfer scheme has to be efficient, which depends on the chosen
technique and on the coupling between the two spin species. And third, the nuclear
spins have to provide adequate spin properties such as a long relaxation time, which
restricts the potential degree of polarization build-up and the time of possible po-
larization storage. Also the nuclear spin coherence and dephasing times have to be
sufficiently long for the NMR detection.
All these points can be further improved. The properties of NV centres are of

crucial importance and can be enhanced by improving diamond quality and, in case
of shallow NV centres, by improving surface properties. NV centres are defects
and in the process of creation further defects are generated, such as P1 centres
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(single substitutional nitrogen defects) and additional vacancies [53, 170, 42]. There
are currently different promising approaches to increase the creation efficiency while
keeping good spin properties. Some of these methods are high temperature annealing
[171, 172, 173], hot electron irradiation [170], implantation at high temperatures
[174, 65] or through charged layers [175], and optimized parameters for diamond
growth [54, 57, 176, 177]. Shallow NV centres with good properties can degrade
depending on the surface treatment and termination [178]. Here, wet chemical and
plasma treatments [55, 57, 179, 180] can be used in order to find the ideal surface
preparation [181]. Furthermore, protective layers of e.g. an additionally CVD grown
layer of diamond [68, 182] can protect the NV centre’s charge state.
The second requirement for successful hyperpolarization considers the transfer of

polarization from electron to nuclear spins. There is a variety of polarization scen-
arios, such as the polarization of nuclear spins in randomly oriented nanodiamonds
or the alignment of external nuclear spins by shallow NV centres. For each situation
different boundary conditions apply and the polarization sequence of choice changes.
In order to improve sequences further and optimize them for specific scenarios, op-
timal control theory can provide custom optimized solutions [183, 184, 185, 186].
Furthermore, the PROPI technique demonstrated during this thesis can be applied

to standard EPR, which allows to manipulate and read out nuclear spins without
RF control in a conventional pulsed EPR spectrometer. Initial experiments with
a commercial Bruker pulsed X-band EPR spectrometer showed promising results.
This opens up new possibilities and can bridge the “blind gap” in hyperpolarization
experiments where the loss of polarization is detectable but nuclear polarization
is not sufficiently high for low-field NMR measurements. In addition the PROPI
technique can be used for the initialization and readout of nuclear spin registers,
and therefore it can be applied to quantum information processing experiments, as
shown in first experiments performed by Unden et al. [158] and Metsch et al. [187].
The third condition for successful polarization build-up considers the properties of

the nuclear spins which highly depend on the choice of their host material. First of
all a long relaxation time is a crucial requirement. This property can be prolonged
by isotropical purification like deuteration [188] or suppression of quadrupoler relax-
ation by 15N enrichment [189]. In particular solids can have long relaxation times
[190] combined with short coherence times, which leads to a broad solid state spec-
trum. Here, homonuclear decoupling can be used yielding narrow linewidths [108].
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The linewidth of nano-scale NMR signals measured with shallow NV centres via
statistical polarization of external nuclear spins, does not only depend on the lifetime
of the nuclear spins, but also on the diffusion of the molecules. Measuring hyper-
polarized molecules can solve this problem; here the phase of the nuclear signal can
be synchronized via RF pulses, in the same way as with thermal polarization [111]
or conventionally hyperpolarized signals [112]. Therefore, the linewidth of shallow
NV centres is not restricted any more by diffusion, but by the inverse measurement
time and the T1 time of the nuclear spin. However, this only holds true when nuc-
lear spins diffusing into the sensing volume are also hyperpolarized. This can be
achieved by enclosing diffusive nuclear spins within a small compartment, where the
size is on a similar scale as the NV centre’s sensing volume [191], such that during
the lifetime of the nuclei a significant level of polarization within the entire volume
can be established.
These improvements could enable hyperpolarization of nuclear spins outside the

diamond leading to a scenario, where DNP and NMR readout could be performed
via NV centres in diamond. Due to its atomic scale, this system would contribute
towards exciting applications like high resolution NMR spectroscopy of nanoscale
volumes and imaging of single molecules in dynamic environments [192, 193]. In
particular biological samples demand fast measurement times in order to observe
fast dynamics. Here, hyperpolarization can speed up data acquisition especially
when combined with sparse data sampling techniques and reconstruction methods,
like the compressed sensing or matrix completion algorithm [30].
Hyperpolarization of macroscopic volumes is of interest for the SNR enhancement

in conventional nuclear magnetic resonance spectroscopy and imaging. There are
different DNP methods, such as hyperpolarization of noble gases like 129Xe [194, 195],
which has shown successes in lung imaging. Another method is dissolution DNP
[20], where cryogenic temperatures and high magnetic fields are needed for a slow
polarization process. Parahydrogen induced hyperpolarization [196, 197] is restricted
to target molecules with special chemical structures. In addition to NV centres in
diamond, optically-induced DNP can be performed with different colour centres in
diamond or silicon carbide [52], as well as with photo excited triplet states. Typical
host materials for the latter are organic crystals containing ideal spin properties
as long-lived proton spins and short-lived electron spins. However, common host
materials are often unstable and potentially carcinogenic [198, 190].
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In general, DNP via NV centres in diamond has the advantage of not having to rely
neither on low temperatures nor high magnetic fields, being potentially applicable to
different kinds of target materials and being chemically inert, hence non-hazardous.
This offers the potential of a low cost alternative to commercially available dissol-
ution DNP devices1 [199]. Such a low cost alternative would make hyperpolarized
imaging and spectroscopy available as a broadly accessible analysis and diagnostics
method, where hyperpolarized, functionalized, 13C enriched nanodiamonds [144]
would allow single particle sensitivity in MRI. This would bring MRI in the sensit-
ivity regime of positron emission tomography, without the disadvantage of relying on
ionizing radiation. Here, the six to nine orders of magnitude difference in sensitivity
[27] might be bridged by a four orders of magnitude increase by hyperpolarization
[20] and an enhancement of five-orders of magnitude by utilizing nanoparticles with
in this case 105 spins, corresponding to a 100%-13C enriched nanodiamond with a ra-
dius of 5 nm. Furthermore, the polarization transfer to nuclei in metabolites allows
the recently introduced medical diagnostics technique of metabolic imaging [25].
The latter enabled non-invasive assessment of tumour aggressiveness by pyruvate-
to-lactate conversion [26, 200]. It was found that traumatic brain injuries can be
located and the severity can be judged by bicarbonate-to-lactate conversion signals
[26, 201]. By spectroscopic observations of pyruvate and lactate levels the stage
of a tumour [202] can be graded. Moreover it is noteworthy, that hyperpolarized
13C-urea can be used for perfusion measurements in order to study cardiovascular
diseases [26, 203].
These impressive discoveries were made possible by bringing medically interesting

substances into, by means of temperature and field, extreme conditions [20, 25],
this was facilitated by an extraordinary but slow and expensive machine. However,
due to its high price the application will be mainly limited to research facilities.
Optically induced polarization at moderate conditions has the potential of making
this novel diagnostics tool broadly available.

1SPINlab; GE Research Circle Technology, Waukesha, Wisconsin, USA
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Abstract
The sensitivity ofmagnetic resonance imaging (MRI) depends strongly on nuclear spin polarisation
and,motivated by this observation, dynamical nuclear spin polarisation has recently been applied to
enhanceMRI protocols (Kurhanewicz et al 2011Neoplasia 13 81). Nuclear spins associatedwith the
13C carbon isotope (nuclear spin I=1/2) in diamond possess uniquely long spin lattice relaxation
times (Reynhardt andHigh 2011Prog. Nucl.Magn. Reson. Spectrosc. 38 37). If they are present in
diamondnanocrystals, especially when strongly polarised, they form a promising contrast agent for
MRI. Current schemes for achieving nuclear polarisation, however, require cryogenic temperatures.
Herewe demonstrate an efficient scheme that realises optically induced 13C nuclear spin
hyperpolarisation in diamond at room temperature and low ambientmagnetic field.Optical pumping
of a nitrogen-vacancy centre creates a continuously renewable electron spin polarisationwhich can be
transferred to surrounding 13Cnuclear spins. Importantly for future applications we also realise
polarisation protocols that are robust against an unknownmisalignment betweenmagnetic field and
crystal axis.

1. Introduction

Nuclearmagnetic resonance (NMR) is one of themost powerful spectroscopic techniqueswith numerous
applications in the life sciences, thematerial sciences andmedicine. Long coherence times of nuclear spins allow
to use thismethod for structural analysis of biomolecules and determination ofmolecular dynamics. Using
highly sensitiveNMR spectra combinedwith externalmagnetic field gradients nuclearmagneticmoments can
be imagedwith high spatial resolution [1]. BothNMR spectroscopy andmagnetic resonance imaging (MRI)
critically depend on the polarisation of nuclear spins withwhich the observed signal scales linearly. At ambient
conditions nuclear spins are veryweakly polarised even in very highmagnetic fields. Therefore significant effort
was directed towards the development of protocols for enhancing nuclear spin polarisation above the thermal
value.

Dynamic nuclear polarisation (DNP) protocols that use polarisation transfer from electron spins to nuclear
spins have been realised and their application in imaging has been demonstrated recently [2]. It is important to
note however that polarisation transfer reaches its best performance at low temperatures where electron spins
are strongly polarised already in thermal equilibrium. Furthermore, owing to the long relaxation times of
electron spins at these temperatures, typically a single polarisation cycle takes about a second duringwhich a
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single electron spin can polarise atmost a single nuclear spin. Therefore a high concentration of polarising
paramagnetic agent is required to reach a high degree of nuclear spin polarisation. These limitations create a
significant demand on novel polarisation protocols that allow for fast and efficient polarisation transfer ideally
even at room temperature. Recently a novelmechanism forDNPbased on optically pumped electron spins
(optical dynamical nuclear spin polarisation (ODNP) [3, 4])was introduced and realised inmolecular crystals.
However the short lifetime of the photo-excited triplet state and fast dephasing of optically active impurities at
ambient conditions limit the applicability of this technique forNMRandMRI. This is the reasonwhy the recent
demonstration of diamond [5–7] as a promisingODNPplatform attracted the attention of theNMRandMRI
communities.

The nitrogen-vacancy (NV) centre (see figure 1(b)) in diamond exhibits a long relaxation time of its electron
spins even at room temperature [8] and its electronic ground state triplet can be efficiently polarised using
optical excitation [5–7]. NVs can be created in bulk diamond using electron irradiation of nitrogen rich crystals
or by controlled doping of ultra-pure diamonds using nitrogen ion implantation. Their wavefunction is
localised towithin 1 nmof these colour centres allowing them to retain these desirable physical properties when
embedded in diamond nanocrystals with sizes below 10 nm [9]. Diamond nanoparticles dopedwith colour
centres already found their application influorescencemicroscopy as non-bleachable fluorescencemarkers and
drug carriers [10]. Recently nanodiamonds have been considered as promisingmaterial for applications related
toDNP [5–7, 11–14]. See [15] for a recent review on biomedical applications ofNV centres in nanodiamonds.

The reasonwhy diamond is attractive forDNP andMRI applications is related to the long relaxation time of
13Cnuclear spins and ability to polarise themquickly using optically pumped colour centres. NVs can be
polarisedwithin 200 ns by a laser pulse that induces spin-selective relaxation into thems=0 sublevel of the
ground state resulting in spin polarisation exceeding 92% [16].

In order to transfer polarisation to nuclear spins it is necessary tomatch the energy scale of the electron spin
to that of the nuclear spin systems because the large energymismatch between these two spins species due to the
zero-field splitting (D=2.8 GHz) of the spin triplet ofNV centre prevents a direct polarisation exchange
between the electron and nuclear spins. There are severalmethods to bring electron and nuclear spins in
resonance. Thefirst one is to set the staticmagnetic field close to the level crossing either the ground [17] or the
excited state of theNV centre [18, 19]. Resonance can also be achieved bymicrowave driving of the electron spin
of theNVwith a Rabi frequency thatmatches the nuclear spin Larmor frequency (Hartmann–Hahn condition)
[19, 20]. Furthermore it is possible to realise polarisation transfer by the solid effect (driving a forbidden double
quantum transition thus inducing electron and nuclear spin flips) [5, 14]. Although the abovementioned
techniques performwell for bulk diamondwhereNV centres havewell defined orientationswith respect to the
static and driving fields, they do not apply directly to nanodiamond samples due to their randomorientations.
The strong spread of the Rabi frequencies of themicrowave for chaotically oriented nanodiamonds severely
reduces the probability to reach aHartmann–Hahn resonance. Furthermore, the application of the solid effect
would require an integration over a verywide range of detunings due to the large Zeeman shifts that are
experienced by theNV centre. Both effects will result in a severe reduction of the total achievable nuclear spin
polarisation. In this workwe demonstrate the experimental realisation of a novel robust technique based on a
fast sweep of themicrowave driving fieldwhich induces a Landau–Zener transition [14] that has been designed

Figure 1. (a) Schematic presentation of our experiments. The electron spin of theNV is polarisedwith a short laser pulse. Then the
polarisation is transferred to the neighbouring13C nuclei bymeans of amicrowave inducedHartmann–Hahn resonance. The springs
represent the coupling between theNV and neighbouring13C. This process is repeatedmany times. (b)Crystal structure of theNV
centres. Themagneticfield is applied usually at θ=0°. (c)Dependence of the ground state spin levels on the strength of the applied
magnetic field for θ=0°. The two dashed lines show the allowed ESR transitions.
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specifically to achieve significant nuclear spin polarisation even in the presence of randomorientations of
nanodiamonds.

2. Experiments

The experiments reported in this paper were performed on a synthetic diamondwith natural abundance of 13C
nuclear spins (1.1%). The crystal was grown using the high pressure high temperature technique and contains
0.5 ppmP1 centres (a paramagnetic defect which is constituted by a single substitutional nitrogen atom). About
10%of the P1 centres were converted toNV centres by high energy electron irradiation and subsequent
annealing, achievingNV concentration of 0.05 ppm. Figure 1(a) shows a sketch of theDNP experiment.

TheODNPwas performed on a commercial X band electron paramagnetic resonance (EPR) spectrometer
(Bruker ELEXYS II) equippedwith an arbitrary waveform generator and amicrowave cavity allowing optical
access. In order to polarise theNV centres a continuous laser beam (Laser quantum,Gemwith awavelength of
532 nm)with 3 mmdiameter and 150 mWpowerwas directed onto the crystal inside the EPR resonator. Owing
to theweakNV-doping of the sample the optical density of the crystal was low (below 0.1). This allows
homogeneous illumination of the sample resulting in similar polarisation conditions for thewhole ensemble of
NV centres. Infigure 2(a) the enhancement of the EPR spectrumofNVs in diamond under continuous laser
irradiation is shown.

As a first test ofDNPwe have performed polarisation transfer fromNVcentres to 13C using theHartmann
Hahn resonance at room temperature. This protocol, called nuclear spin orientation via electron spin locking
(NOVEL) [21], brings the electron spin of theNV centre in resonance with the surrounding nuclear spins when
the driving frequency of the electron spin (Rabi frequency) equals the Larmor frequency of the nuclear spins.We
have previously shown that the nuclear spin polarisation resulted in narrowing of theNV’s ESR line width. Such
a narrowing is related to polarisation of strongly coupled nuclear spins in its surrounding (so called ‘frozen core’)
[19]. For experiments presented in this paper wewere focusing on studies of the polarisation of bulk nuclear
spins which is relevant for future applications of nanodiamonds as contrast agents inNMRandMRI. Therefore
the polarisationwas notmeasured usingNV centre probes, but rather by using a conventional NMR
spectrometer (Bruker Fourier 300). Figure 3(a) shows the experimental sequence forHartmann–HahnDNP.

It consists of an electron spin locking combinedwith continuous illumination of theNV centres. Note that
the illuminationwith power density of 10W cm−2 induces optical pumping at kHz rate. Therefore dephasing
related to optical pumping is negligible within the duration of the spin locking pulse. The length of the latter is
limited by the relaxation time of theNV electron spin in the rotating frame (T1ρ=0.465 ms, data not shown). In
our experiments a value of 0.2 mswas used.

A singleNV centre can polarise one nuclear spinwithin one polarisation transfer cycle. In our crystal the
concentration of 13Cnuclear spins (1.1%)was exceeding by four orders ofmagnitude the concentration ofNV
defects. Therefore in order to achieve strong nuclear spin polarisation it was necessary to applymultiple
repetitions of theHartmann–Hahn protocol. Another important condition for efficient bulk polarisation is the
ability to transfer polarisation to nuclei beyond the frozen core. This can be achieved by polarising nuclear spins
at the edge of the frozen core sphere to allow for the diffusion of nuclear spin polarisation. Spin diffusion enabled

Figure 2. (a)ESR spectrum showing theNV resonance lines without (blue) andwith optical pumping (red). Thefieldwas oriented
along the [111] axis of the crystal coincidingwith one of the four possible orientations of theNVs in the diamond. Three other
orientations ofNV centres have the same angle with respect to the axis of theNV centre and produce overlapping EPR lines. (b)
Dependence of intensity of the ESR line as a function of the laser power.We could not observe saturation due to the limited laser
power and to prevent heating of the sample.
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by dipole–dipole interaction between the nuclear spins will then lead to polarisation transfer to nuclei in the
bulk.Note that the spin diffusion is slowed down by themagnetic field gradient created by theNV centres that
are in thems=+1 andms=−1 state. To ameliorate conditions for diffusionwe have introduced a polarisation
transfer timewindowduringwhich theNV centre is initialised into thems=0 state, where there is no coupling
to nuclei. During this time interval polarised nuclei in the frozen core can transfer their polarisation by diffusion
to the volume outside the frozen core. The length of the spin locking pulse in theNOVEL sequencewas chosen
to reach nuclear spins with coupling constant of 10 kHz (situated approximately in a 2 nm radius around theNV
centre). After 5 min of polarisation the sample was removed from the EPR spectrometermanually and
transferred to theNMR spectrometer formeasuring the 13CNMR signal. During the transfer, that took about a
minute time across a distance of approximately 100 m, the sample was kept in a staticmagnetic field (with a
strength of fewhundredGauss) created by a permanentmagnet. Figure 3(b) showsNMR spectra of non-
polarised (blue line) and polarised (red line)nuclear spins. The former has been recorded after keeping the
sample for 13 h in the spectrometer at amagnetic field of 7 T in order to let the thermal polarisation build-up. If
the sample ismeasured directly after inserting it into the spectrometer no signal is observed in contrast to the
polarised sample. Our hyperpolarisation procedure takes about 6 min, resulting in a factor of at least 130
reduction of themeasurement time. Additionally we have observed a 45 fold enhancement of the signal which is
in good agreementwith expected polarisation enhancement (see the supplementary information for details
about the simulation andmeasurement of the polarisation build-up).We estimate that this enhancement
corresponds to a nuclear spin polarisation of 0.054%,whenwe assume that thermal polarisation is reached after
keeping the sample 13 h in theNMR spectrometer.

A technique allowing to polarise nuclear spins in diamond is of particular interest for applications inMRI of
diamond nanocrystals as labels. However, as stated earlier, in samples with randomorientations, e.g. in
suspensions, theHartmann–Hahn condition is achieved only for the tiny subensemble forwhich the
quantisation axes ofNV centres are alignedwith the externalmagnetic field. Recently, a new approach has been
proposed that optimises the integrated solid effect (ISE) for randomly orientedNV centres [14].

Thismethod is based on a quasi-adiabatic sweep of the driving field frequency and allows efficient
population transfer for awide range ofmisalignment angles (angle θ between the axis of theNV centre, see
figure 1(b), and the externalmagnetic field). The pulse sequence is shown infigure 4(a).

For illustrating the basic idea, let us consider a system that is composed of aNV centre and a single 13C
nuclear spin in a nanodiamond of randomorientation, where θ is themisalignment angle between theNV-axis
and themagnetic field. In a strongmagnetic field along the z-direction ( B D,eg  with Beg denoting the
electron Larmor frequency, andD theNV centre zero-field splitting), the quantisation axis is given by the
magnetic field, with the zerofield splitting acting as a perturbation (see [14] and supplementary information).
Focusing on the 1 , 0{ }- subspace of theNV centre, we now apply amicrowave driving S t2 cosx MwW
corresponding to theNV centre spin transitions 1 0 ,- « ( 2 W is the Rabi frequency of the driving field
and Mw its frequency. In the rotating framewith the drivingfield frequency ,Mw theHamiltonian can bewritten
as

H B I a I a I ,z x z z z z x x xtrans effs s s s= W + D + + +

where D Be M( ) ( )q d q g wD = - - + is the detuning between the driving frequency and theNV
1 0 ,- « spin transition (D ,( ) ( )q d q are the angle dependent effects of the zero-field splitting, see

supplementary information). B B A,eff ng= - with ,eg ng being the electron and nuclear gyromagnetic ratios,

Figure 3. (a)NOVELpulse sequence used for hyperpolarisation of the 13C nuclear spins. TheRabi frequency of the spin locking pulse
equals the 13C Larmor frequency of 4.87 MHz. (b)NMRspectra for thermally (blue) and hyperpolarized 13C nuclear spins (red). Later
after aminute long probe transfer to theNMR spectrometer, an enhancement factor of about 45 is observed. Please note that for this
type of sample it takes a very long time for the thermal polarisation to build up atB=7 T, see also [22]; the thermal spectrumwas
measured after 13 h.
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and a a,z x are the elements of the secular and pseudo-secular hyperfine interactions respectively. I

is the

nuclear spin-1/2 operator and ,z xs s are 1/2 times the Paulimatrices in the 1 2 0 1/ ( ) =  - basis.
Figure 4(b) shows the dependence of eigenstates of thisHamiltonian on the detuning, with

cos sinc z z= -  + denoting the eigenstates, tan 2 .1 / /( )z = D W- Wenote two resonance points
A1 andA2.The polarisation is transferred between the dressed state of the electron spin and the nuclear spin
during a quasi-adiabatic sweep through these resonances (see supplementary information for additional details).
Note that the sweep rate should be non-adiabatic compared to the dipolar coupling (typically 50–200 kHz) time
constant between electron and nuclear spins, i.e. around the resonance pointsA1 andA2. The upper limit on the
sweep parameter is defined by the Rabi frequency of themicrowave field determining the splitting between the
red and blue lines infigure 4(b). Exceeding the latter would lead to the randomisation of nuclear spin
polarisation.

Owing to long sample transfer time, and the limited 13C relaxation time in nanodiamonds of a fewminutes
[23] (we observed similar values, data not shown) compared to hours for the latter at B 7 T,= our
demonstrationswere performed on bulk diamonds rather than in nano-diamonds. In order to realise a
misalignment betweenNV-axis and externalmagnetic field, experiments were performed using different
orientations of the diamond crystal with respect to the external staticfield but without change of the polarisation
protocol. In our experimental conditions the sweep ratewas chosen to be 0.3 MHz μs−1 and the sweep rangewas
100MHzThis allows to cover amisalignment angle of about 10° corresponding to a∼2% fraction of colour
centres for isotropic orientation ofNV axes, andwould result in a fast build-up of polarisation in
nanodiamonds, as shown by detailed numerical simulations [14]. According to the latter it is possible to reach
20%polarisation for a nanodiamondwith a spherical shape and a radius of 5 nm.

The experiment has been performed as in the case ofNOVEL.We polarise the samples for 5 min. and then
transfer the diamond to theNMR spectrometer wherewemeasure the13C signal. The observed polarisation
enhancement is demonstrated infigure 4(c). Note that slightly lower efficiency of polarisation transfer at strong
misalignment angles is related to non-optimal drive at high detuning. In our experiments themicrowave drive
generated by an arbitrary waveform generator was kept at constant amplitude, but themicrowave resonator
bandwidthwas limited to about 100MHzhalf width at halfmaximum. Therefore at high rotation angle
(corresponding to the resonance at the edge resonator band), the effective coupling bymatching the resonance
condition ismuch lower.

The theoretical expected polarisation enhancementwas computed based on the calculated polarisation
transfer probability of the ISE:
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WithΩ denoting theRabi frequency, ax¢ the effective dipolar coupling, n the frequency sweep rate, and Bng the
nuclear Larmor frequency. The polarisation rate, which depends on the cycling time, is then averaged over an
ensemble for a nuclear spin bath of 500 spins around theNV centre, and a steady-state polarisation depending
on the 13C relaxation time in the EPRmagnetic field (see supplementarymaterial stacks.iop.org/NJP/18/
013040/mmedia). Nuclear spin diffusion is limited by the dipolar coupling between the 13C spins (2 kHz for

Figure 4. (a)Pulse sequence used for the ISEmeasurement. Instead of a spin locking sequence, theMWfrequency is swept, allowing us
to excite transitions at different angles θ. (b)Polarisationmechanism between theNV spin and 13C nuclear spins. The solid lines depict
the dependence of the eigenstates and energies on the detuning between the frequency of themicrowave driving and theNV

1 0- « spin transition. The red lines show the states involved in the polarisation transfer, with the black arrows indicating the
change of the system state in a quasi-adiabatic sweep of themicrowave frequency. (c)Theoretical calculation of the nuclear spin
polarisation (normalised to the thermal state) as a function of theMWfrequency (black). Here we have included the bandwidth of the
MWresonator (red). The circles show the enhancement of theNMR signal whenwe apply the ISE at different angles θ between theNV
axis and themagnetic field.
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next neighbours) and it does not seem to be a bottleneck of the polarisation build-up in our experiments, due to
the 10 ms polarisation transfer time between cycles with theNV in thems=0 state.

3. Conclusions

Our results show that optical nuclear spin polarisation in diamond can be performed for awide range of
orientations ofNV centres at room temperature. Our protocol based on quasi-adiabatic sweep ofmicrowave
field across the resonance pointsmakes it possible to polarise diamond nanoparticles. Such functionalised
diamondnanocrystals can serve as agent formolecular imaging usingMRI techniques. Ourmethod can be in
principle transferred to other nanoparticles containing electron spins that can be optically polarised.

Acknowledgments

Thisworkwas supported by the ERC Synergy grants BioQ and PoC, the EU (DIADEMS, EQUAM, SIQS), the
DFG (SFBTRR/21, FOR 1493), Volkswagenstiftung, JSPSKAKENHI (No. 26246001)Bundesministerium für
Bildung und Forschung (ARHES award) and anAlexander vonHumboldt Professorship. BN is grateful to the
PostdocNetwork programof the IQST. IS acknowledges a PhD fellowship from the IQST.

References

[1] Lauterbur PC 1973 Image formation by induced local interactions—examples employing nuclearmagnetic-resonanceNature 242
190–1

[2] vonMorze C et al 2014 Simultaneousmultiagent hyperpolarized C-13 perfusion imagingMagn. Reson.Med. 72 1599–609
[3] Sukhenko SA and SalikhovKM1985Calculations of optical nuclear-spin polarizations for randomly orientedmoleculesChem. Phys.

98 431–6
[4] Tateishi K et al 2014Room temperature hyperpolarization of nuclear spins in bulk Proc. Natl Acad. Sci. USA 111 7527–30
[5] LondonP et al 2013Detecting and polarizing nuclear spins with double resonance on a single electron spinPhys. Rev. Lett. 111 067601
[6] ÁlvarezGA et al 2015 Local and bulk 13C hyperpolarization in nitrogen-vacancy-centred diamonds at variable fields and orientations

Nat. Commun. 6 8456
[7] King J P et al 2015Room-temperature in situnuclear spin hyperpolarization fromoptically-pumped nitrogen vacancy centers in

diamondNat. Commun. 6 8965
[8] DohertyMW et al 2013The nitrogen-vacancy colour centre in diamond Phys. Rep. 528 1–45
[9] Tisler J et al 2009 Fluorescence and spin properties of defects in single digit nanodiamondsACSNano 3 1959–65
[10] MochalinVN et al 2012The properties and applications of nanodiamondsNat. Nanotechnology 7 11–23
[11] Casabianca LB et al 2011 Factors affectingDNPNMR in polycrystalline diamond samples J. Phys. Chem.C 115 19041–8
[12] EwaRej TG, Boele T,WaddingtonDE J andReilly D J 2015Hyperpolarized nanodiamondwith long spin relaxation timesNat.

Commun. 6 8459
[13] King J P, Coles P J andReimer J A 2010Optical polarization of C-13 nuclei in diamond through nitrogen vacancy centers Phys. Rev.B

81 073201
[14] ChenQ et al 2015Optical hyperpolarization of 13Cnuclear spins in nanodiamond ensembles arXiv:1504.02368
[15] WuY et al 2015Diamond quantumdevices in biologyAngew. Chem. Int. Ed. Engl. in press
[16] WaldherrG et al 2011Dark states of single nitrogen-vacancy centers in diamond unraveled by single shotNMRPhys. Rev. Lett. 106

157601
[17] WangH J et al 2013 Sensitivemagnetic control of ensemble nuclear spin hyperpolarization in diamondNat. Commun. 4 1940
[18] Jacques V et al 2009Dynamic polarization of single nuclear spins by optical pumping of nitrogen-vacancy color centers in diamond at

room temperature Phys. Rev. Lett. 102 057403
[19] Fischer R et al 2013 Bulk nuclear polarization enhanced at room temperature by optical pumping Phys. Rev. Lett. 111 057601
[20] Cai J-M et al 2013Diamond based singlemoleculemagnetic resonance spectroscopyNew J. Phys. 15 013020
[21] Henstra A et al 1988Nuclear spin orientation via electron spin locking (NOVEL) J.Magn. Reson. 77 389
[22] Reynhardt EC andHighGL 2011Prog. Nucl.Magn. Reson. Spectrosc. 38 37
[23] PanichAM et al 2015 Size dependence of 13Cnuclear spin-lattice relaxation inmicro- and nanodiamonds J. Phys.: Condens.Matter 27

072203

6

New J. Phys. 18 (2016) 013040 J Scheuer et al



5.2 Robust techniques for polarization and detection of nuclear spin ensembles

5.2 Robust techniques for polarization and
detection of nuclear spin ensembles

Title: Robust techniques for polarization and detection of nuclear
spin ensembles

Authors: J. Scheuer, I. Schwartz, S. Müller, Q. Chen, I. Dhand,
M. B. Plenio, B. Naydenov and F. Jelezko

Journal: Physical Review B 96, 174436

Year: 2017

Copyright: ©2017 American Physical Society. Reprinted with permission
from Scheuer et al. Physical Review B 96, 174436 (2017)
©2017 by the American Physical Society

DOI: https://doi.org/10.1103/PhysRevB.96.174436

85

https://doi.org/10.1103/PhysRevB.96.174436




PHYSICAL REVIEW B 96, 174436 (2017)

Robust techniques for polarization and detection of nuclear spin ensembles

Jochen Scheuer,1 Ilai Schwartz,2 Samuel Müller,1 Qiong Chen,2 Ish Dhand,2 Martin B. Plenio,2

Boris Naydenov,1,* and Fedor Jelezko1

1Institute for Quantum Optics and Center for Integrated Quantum Science and Technology (IQST),
Albert-Einstein-Allee 11, Universität Ulm, D-89069 Ulm, Germany

2Institute of Theoretical Physics and Center for Integrated Quantum Science and Technology (IQST),
Albert-Einstein-Allee 11, Universität Ulm, D-89069 Ulm, Germany

(Received 5 June 2017; revised manuscript received 18 August 2017; published 27 November 2017)

Highly sensitive nuclear spin detection is crucial in many scientific areas including nuclear magnetic resonance
spectroscopy, magnetic resonance imaging (MRI), and quantum computing. The tiny thermal nuclear spin
polarization represents a major obstacle towards this goal which may be overcome by dynamic nuclear spin
polarization (DNP) methods. The latter often rely on the transfer of the thermally polarized electron spins to
nearby nuclear spins, which is limited by the Boltzmann distribution of the former. Here we utilize microwave
dressed states to transfer the high (>92%) nonequilibrium electron spin polarization of a single nitrogen-vacancy
center (NV) induced by short laser pulses to the surrounding 13C carbon nuclear spins. The NV is repeatedly
repolarized optically, thus providing an effectively infinite polarization reservoir. A saturation of the polarization
of the nearby nuclear spins is achieved, which is confirmed by the decay of the polarization transfer signal and
shows an excellent agreement with theoretical simulations. Hereby we introduce the polarization readout by
polarization inversion method as a quantitative magnetization measure of the nuclear spin bath, which allows us
to observe by ensemble averaging macroscopically hidden polarization dynamics like Landau-Zener-Stückelberg
oscillations. Moreover, we show that using the integrated solid effect both for single- and double-quantum
transitions nuclear spin polarization can be achieved even when the static magnetic field is not aligned along
the NV’s crystal axis. This opens a path for the application of our DNP technique to spins in and outside of
nanodiamonds, enabling their application as MRI tracers. Furthermore, the methods reported here can be applied
to other solid state systems where a central electron spin is coupled to a nuclear spin bath, e.g., phosphor donors
in silicon and color centers in silicon carbide.

DOI: 10.1103/PhysRevB.96.174436

I. INTRODUCTION

Nuclear magnetic resonance (NMR) spectroscopy and mag-
netic resonance imaging (MRI) are well-established methods
in chemistry, biology, and medicine. Both techniques require
the detection of the low magnetic field generated by thermally
polarized nuclear spins, which demand high static magnetic
fields and large sample quantities. Dynamical nuclear spin
polarization (DNP) has been developed to transfer the much
higher thermal electron spin polarization to the nuclear
spins, thus improving the NMR signal. Another important
application of DNP is in the emerging field of quantum
information processing and especially for the initialization of
solid state quantum simulators [1,2]. The improvement factor
is usually limited by the ratio of the magnetic moments of
the electron and nuclear spins, which determines the ratio
of equilibrium polarization levels. Although recently [3] a
much larger enhancement was demonstrated using optically
polarized electron spins out of thermal equilibrium, the
technique relies on short-living radical triplet states, which
limits its applications. A very promising DNP method is based
on optically pumped nitrogen-vacancy centers in diamond
(NVs), where several demonstrations have been reported
[4–9], but they require very good alignment (below 1◦) of
the magnetic field along the NV’s crystal axis. Here we report
and evaluate several methods for polarizing nuclear spins using

*boris.naydenov@uni-ulm.de

a single NV center, that are applicable at arbitrary magnetic
field strengths and a wide range of orientations. Furthermore,
we demonstrate a method to read out the magnetization of
the nuclear spin bath – polarization readout by polarization
inversion (PROPI), where we obtain the number of spin quanta
transferred from the NV center to the nuclear spins.

The NV is a unique physical system which became a
universal sensor for magnetic [10,11] and electric fields [12]
and temperature [13,14] with nanometer spatial resolution.
Single NVs can be observed and the electron spin of the
triplet ground state can be optically polarized and read out.
Recently it has been demonstrated that the electron spin
polarization can be transferred from an ensemble of NVs to
the surrounding 13C nuclear spins in a bulk crystal using a
specific experimental configuration, e.g., excited state level
anticrossing [6], ground-state level anticrossing, or nearest
neighbor 13C spins [7]. We have previously demonstrated by
using proper microwave driving of the NV’s electron spin,
that polarization transfer can be achieved at arbitrary magnetic
fields both for single [5] and an ensemble of NVs [15].

One of the main goals of diamond DNP is the polarization
of nanodiamonds, which due to their bio-compatibility are
well suited as hyperpolarized MRI tracers. However, as
detailed in Ref. [16], the polarization of nanodiamonds via NV
centers requires novel approaches for DNP, due to the random
orientation of the NV center axes and its large zero-field
splitting. A theoretical DNP method has been proposed,
combining the electron spin triplet S = 1 properties of the NV
center, specifically its double-quantum transition (DQT), with

2469-9950/2017/96(17)/174436(10) 174436-1 ©2017 American Physical Society
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the integrated solid effect (ISE) [17,18]. With these techniques
an unprecedented level of robustness can be achieved, against
misalignment of the externally applied static magnetic field
with respect to the NV axis and against rotational diffusion of
the NV. Usually experimental validation of DNP protocols can
only be achieved in a macroscopic ensemble of nuclear spins
via NMR, thus limiting the information about the dynamics
due to ensemble averaging. The accessibility of a single
NV, including its control and detection, makes it a unique
test bed for the effect of manipulation and polarization of
the surrounding nuclear spin environment and for testing of
novel DNP schemes. However, the readout of the nuclear spin
state and polarization remained an open challenge, due to the
limited quantifiable information in methods such as linewidth
narrowing [5]. Here we demonstrate methods on a single NV
center, which can be used not only to polarize, but also to
measure the nuclear spin bath quantitatively.

In Sec. II we present the NV’s spin Hamiltonian and
the general idea of our method. In Sec. III we present
measurement results when using a single-quantum transition
(SQT). Experimental data for polarization via the NV’s
double-quantum transition and for misaligned magnetic field
are presented in Sec. IV.

II. CONTROLLING THE NUCLEAR SPIN BATH

The physical system consisting of a single NV and a bath
of N

13C 13C nuclear spins can be described by the following
Hamiltonian (h̄ = 1):

Ĥ =DŜ2
z + gμB

�B · �S + �S · A
14N · �I 14N +

j=N
13C∑

j=1

γ
13C| �B|Îjz

13C

+ �S ·
j=N

13C∑
j=1

A
13C
j · �Ij

13C, (1)

where D/2π = 2.87 GHz is the zero field splitting of the
ground state, g = 2.003 is the Landé factor, μB is the
Bohr magneton, �B = Bx �ex + By �ey + Bz�ez is the applied static
magnetic field, �S = Ŝx + Ŝy + Ŝz and �I 14N = Îx

14N + Îy
14N +

Îz
14N are the electron and nuclear spin operators of the NV

(S = 1 and for 14N I = 1), and A
14N is the hyperfine interaction

tensor of the NV. The Zeeman interaction of the 13C nuclear
spin bath (I = 1/2) is given by the second to last term in

the Hamiltonian with their gyromagnetic ratio γ
13C = 6.728 ×

107 T−1 s−1. The last term describes the hyperfine interaction
between the NV and the nuclear spin bath, where A

13C
j ∼

gμBγ
13C

r3
j

with r3
j the distance between the NV center and the

nuclear spin. For simplicity we have removed the 14N nuclear
spin Zeeman energy and its quadrupole interaction with the
NV center. Unless otherwise stated in all experiments we set
| �B| ≈ 1750 G in order to compare the different measurements,
although it should be noted that our methods can be applied
at arbitrarily magnetic field strengths. The z axis is taken to
be along the NV crystal axis. MW pulses are applied on the
electron spin resonance transition corresponding to the NV
nuclear spin state |mI = +1〉. For the experiments presented
in Secs. III and IV the magnetic field was aligned along z better
than <0.5 ◦. Results for a misaligned field are presented in the
last part of Sec. IV. We used various NV centers in different
samples for our experiments, although for the results shown
here the same NV center was used, in order to be able to com-
pare quantitatively the different DNP methods. The measure-
ments were performed on a home-built confocal microscope.

The schematic of the pulse sequence used in our
experiments for polarizing the nuclear spin bath and reading
out its magnetization is depicted in Fig. 1. It starts with
a 3-μs-long laser pulse to polarize the NV center into the
|ms = 0〉 state, followed by a series of microwave (MW)
pulses to transfer the polarization to the surrounding nuclear
spins, which are coupled to the NV. The region, where this
hyperfine interaction is stronger than the coupling among the
nuclear spins, is often referred to as the “frozen core” and is
also called the “spin diffusion barrier” [19]. We will call it
the “interaction region”. Theoretical simulations show that
in our experiments all nuclear spins with a coupling up to
about 10 kHz to the NV center become completely polarized
and nuclear spins coupled from 2 to 10 kHz are partially
polarized. Weakly coupled ones are not affected at all, but
can be polarized via nuclear spin diffusion when the NV’s
electron spin is initialized into the |mS = 0〉 state.

The pulse sequence is repeated N times, resulting in a
polarization of the nuclear spin bath in the |↑↑↑ ...〉 state,
where the states |↑〉 and |↓〉 are defined to be, respectively,
parallel and antiparallel to the applied static magnetic field �B.
In order to read out the nuclear spin bath, we apply another se-
quence, where we invert the nuclear spins into the |↓〉 state; see
Fig. 1 (right). By polarizing the nuclear spins in the opposite

(
∗
( Laser MW manipulation

Polarizing nuclear spins into |↑ state
polarize with different parameters

)
N

( )MW manipulationLaser

Polarizing nuclear spins into |↓ state
read out & re-polarize

M

)
R

FIG. 1. Schematic representation of the experiments. The first pulse sequence is repeated N times and is used to polarize the nuclear spin
bath along the static magnetic field (|↑↑↑ ...〉 state). By changing the MW manipulation, we can polarize the nuclear spin bath into the |↓↓↓ ...〉
state by repeating the sequence M times. The illustrations present the state of the spin bath around the NV center at different time instants. At
the beginning the nuclear spins are polarized in the |↓〉 state. After repeating the polarization sequence N times the nuclear spins are partially
or fully inverted into the |↑〉 state depending on N . By polarization of the nuclear spin bath during the M cycles the nuclear spin bath is both
initialized and read out. Hence, M has to be set large enough, so that the nuclear spin bath is completely polarized. At the start of the experiment
at N,R = 1 (*) the nuclear spin bath is unpolarized, but due to a larger number of repetitions of the measurements (R = 5 × 104) the first
iteration can be neglected. For most of our experiments N = 50 and M = 200. See text for more details.
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(π/2)x (π/2)x(Spin locking)yLaser( )
N

( -(π/2)x-(π/2)x (Spin locking)yLaser )
M

NOVEL read out & re-polarizationNOVEL polarization with different parameters

(a)

(b) (c)

(d) (e)

FIG. 2. (a) Pulse sequences for the NOVEL experiment. (b) Fluorescence of the NV center measured with the nth laser pulse, where
n = 0,1,...N for N = 2, (yellow), N = 50 (blue), and N = 200 (red), where M = 200 for all data sets; see also Fig. 1. (c) Fluorescence of
the NV center measured with the mth laser pulse, where m = 0,1,...M . (Inset) Measurement for N = 50 and M = 200. The red colored area
enclosed by the two vertical lines is the PROPI signal, which gives the number of inverted nuclear spins and is a measure of the polarization.
The dashed cyan curve is a simulation of the full experiment (N = 50; M = 200). (d) Comparison between simulated nuclear polarization,
simulated NV readout, and initialization corrected PROPI data (see text). (e) Nuclear spin bath polarization as a function of the number of
polarization cycles N , where M = 200. The black line here is a fit, which serves as a guide to the eye.

direction, compared to the previous sequence and reading out
the NV state optically, we are able to read out their magneti-
zation quantitatively; see next section. In other words with the
help of the NV center’s electron spin we manipulate the nuclear
spin environment and the back action of the latter on the NV is
our signal. After normalizing the signal, we obtain the average
number of spin quanta transferred from the NV to the nuclear
spins, which is confirmed by theoretical simulations. We call
this method polarization readout by polarization inversion, or
PROPI. It is important to note, that this technique can be
applied only for the readout of nondiffusing nuclear spins,
e.g., spins in the crystal lattice or immobilized on the diamond
surface. A typical experimental result after applying both pulse
sequences is shown in Figs. 2(b) and 2(c); see also next section.

III. POLARIZATION METHODS USING
SINGLE-QUANTUM TRANSITIONS

A. Nuclear spin orientation via spin locking

First we demonstrate our method using the nuclear spin ori-
entation via electron spin locking (NOVEL) DNP technique.

Here the transfer of polarization from the NV’s electron spin
to the nuclear spins is realized via a spin locking experiment
[5,15,20]. The pulse sequence is depicted in Fig. 2(a). After
initializing the NV in the |ms = 0〉 state, we align its spin
along the y axis of the Bloch sphere with a π/2 pulse, where
it remains as long as the spin locking pulse is on (10 μs in our
case) or until relaxation becomes important. During the spin
locking pulse, the system is in the dressed state basis and the
electron and nuclear spin flip-flop processes are energetically
allowed. Afterwards we apply another π/2 pulse to bring
the NV spin back to the |0〉, |1〉 basis, where its state is
read out optically. The readout process is not part of the
polarization protocol, but is used here to study the efficiency of
the methods. A spin flip-flop process between the electron and
nuclear spins occurs when the Hartmann-Hahn condition is
fulfilled [21]:

�1 = ω
13C
0 , (2)

where �1 = gμBB1/h̄ is the Rabi frequency of the spin
locking pulse with the magnetic field amplitude B1 of the
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(a) (b)

FIG. 3. (a) NOVEL experiment. Here the NV’s fluorescence is observed as a function of the Rabi frequency of the spin locking pulse for a
single polarization step where the nuclear spin bath is not polarized (N = M = 1, blue curve). The red curve is a PROPI measurement which
gives the average number of nuclear spin flips after polarizing the spin bath (N = 50, M = 200). An increase of the signal is observed when
the condition (2) is fulfilled, which is a signature of polarization transfer. (b) NOVEL experiment where we measure how the signal depends
on the length of the spin locking pulse for N = M = 1 (blue curve) and N = 50, M = 200 (red curve). The oscillations in the single cycle
measurement are due to coupling to the 14N nuclear spin of the NV.

applied microwave. ω
13C
0 = γ

13CB is the Larmor frequency of
the 13C nuclear spins; see also Eq. (1).

In the experimental data shown in Fig. 2(b) we observe
that the NV’s fluorescence level drops as a function of n to
a certain level, where it remains constant. The phase of the
π/2 pulses around the spin locking time is the same, such
that a bright fluorescence level indicates a spin flip during
the spin locking time. The decay of fluorescence translates to
a diminishing spin flip probability (for n ∼ 200), meaning
that the NV’s polarization is completely transferred to the
closest nuclear spins and no further electron-nuclear spin
flip-flops can be observed. Hence the loss of fluorescence
is a signature that the nuclear spin bath is polarized. After
that we invert this polarization by changing the phase of
the π/2 pulses by 180◦ and run the sequence for M times.
Now we again start to observe flip-flop processes, which are
suppressed after m ∼ 200 cycles as expected [see Fig. 2(c)],
since the polarization transfer for both nuclear spin states
must saturate for the same number of polarization cycles if
we neglect spin diffusion to more distant nuclei. The area
between the fluorescence signal and the offset [averaged over
the last 30 points; see Fig. 2(c), inset] indicates the number of
spin quanta transferred from the NV to the nuclear spins. We
obtain a quantitative measure of the nuclear spin polarization
by correcting for imperfect NV initialization, arising from
the charge state fluctuations leading to an initialization of
70% NV− [22], from the electron spin initialization of 92%
into the ms = 0 state [22] and from initialization when the
NV’s nuclear spin is in a different state. This measure is
the deduced number of inverted spins for the buildup of
polarization with different values of N as depicted in Fig. 2(e).
The accuracy of our measure is confirmed by theoretical
simulations with Hamiltonian (1) having a nuclear spin bath of
30 spins [Figs. 2(c) and 2(d)] and using the time-evolving block
decimation (TEBD) algorithm [23–25]. The nuclear spins are
randomly sampled in a diamond lattice with natural abundance
of 13C, the results are averaged over 30 different spin bath
configurations, and we account for the above mentioned
imperfect NV initialization. In Fig. 2(d) we compare the

simulated polarization of the nuclear spins with the simulated
NV fluorescence signal including all experimental parameters.
These two together with the averaged experimental spin bath
signal are in excellent agreement.

For n = 200 and m = 200 there is an offset [Figs. 2(b) and
2(c)] different from zero, which does not indicate polarization
transfer. This effect can be explained by the driving of the off-
resonant nitrogen hyperfine transitions. By defining the signal
area between the fluorescence signal and the offset we solely
observe the resonant, coherent nuclear-electron spin flip-flop
process. Due to the offset correction this directly translates to
polarization transfer in terms of spin flip quanta (or quanta
of angular momentum transferred). Effects like decoherence,
pulse imperfections, spin relaxation, and off-resonant driving
will lower the efficiency of the polarization but they do not
affect the accuracy of the readout. If this was the case, then they
also influence the tail of the fluorescence signal and by sub-
tracting the offset they are not observed in the signal (the area
below the first 100 pulses). If the polarization is not saturated
during the tail (the last 30 pulses) of the readout sequence, the
offset level would be higher, meaning that the number of spin
flip quanta would give a lower value than the actual transferred
polarization. To avoid this in the following experiments the
most effective polarization sequence (NOVEL) is chosen with
a polarization cycle ratio N :M of 50:200, such that the
re-polarization part of PROPI (M = 200 cycles) saturates the
polarization to a high degree. The relaxation of the NV’s elec-
tron spin in the “dressed state basis” (T1ρ > 200 μs), thermal
relaxation of the nuclear spin bath (T1 process), and diffusion
of the nuclear spin polarization out of the “frozen core” are
negligible at this time scale. In all experiments the NV’s
fluorescence signal is normalized by a separate measurement
of the electron spin population inversion via a π pulse.

In Fig. 3(a) (blue curve) experimental data are shown,
where the Rabi frequency �1 of the spin locking pulse is varied
for a single polarization cycle and the NV’s fluorescence is
observed.

With this measurement we determine the correct Rabi
frequency for controlling the nuclear spin bath. The PROPI
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FIG. 4. DNP of the nuclear spin bath using ISE observed via PROPI. (a) Pulse sequence used in the experiments. (b) Dependence of the
polarization on the sweep range of the MW. Transfer of polarization as a function of inverse sweep rate (c) and strength of the driving field (d).
The red curves show the experimental data; the blue curves are simulations using three nuclear spins and without free parameters. The right
axis presents the sum of the Iz of all three spins.

experiment (red curve) uses N = 50 cycles where one spin
locking parameter is varied and afterwards M = 200 cycles
with optimal spin locking parameters are applied. The latter
200 pulses are used to read out the magnetization and initialize
the nuclear spin bath into the |↓〉 state. If we repeat the
polarization sequence many times, the signal becomes broader
(red curve). This is due to multiple spin flip-flop processes
between the NV and different nuclear spins within the N

repetitions, resulting in a saturation of polarization at a broader
range of Rabi frequencies. In Fig. 3(b) we plot the dependence
of the NV’s fluorescence on the length of the spin locking
pulse, when Eq. (2) is fulfilled. The increase of the signal is
again related to polarization transfer, which has a maximum at
a length of the spin locking pulse of about 10 μs. Here again
the blue curve represents a single polarization cycle (N =
M = 1), while the red curve was measured using N = 50
and M = 200. For the latter we observe a faster polarization
transfer, which can be explained by the multiple spin flip-flops
during the repetitions of the measurement. If we continue to
increase the pulse length, the signal again decreases and shows
oscillations (data not shown), as reported previously [5]. The
signal of the single cycle experiment shows oscillations, which
are not related to the 13C spins, but to hyperfine coupling to
the 14N nuclear spin. In all measurements the readout of the
nuclear spin magnetization was performed by PROPI with the
following parameters: M = 200, �1 = ω

13C
0 , spin locking time

10 μs. In further experiments we use the PROPI method as a
benchmark to compare the efficiency of different polarization
techniques.

B. Integrated solid effect

We have previously demonstrated both experimentally [15]
and theoretically [16] that by using the integrated solid effect
(ISE) [17] electron spin polarization from an ensemble of NVs
can be transferred to the surrounding 13C nuclear spins. In this
technique instead of a constant MW frequency, a frequency
sweep over the electron spin resonance is used, which results
in transfer of polarization. The effective Hamiltonian of this

experiment considering an NV center coupled to a single
nuclear spin can be written as [15]

Htrans = �σz + �σx + BeffIz′ + σz(az′Iz′ + ax ′Ix ′ ), (3)

with the effective Rabi frequency � = �M/
√

2 and MW
driving strength �M = gμBB1/h̄, effective detuning � =
D(θ ) − γeB − δ(θ ) + ωM with θ the angle between the static
magnetic field and the NV crystal axis and MW frequency ωM ,
second-order correction δ(θ ), σx,z and Ix ′,z′ the electron and
nuclear spin operators in the rotated basis, and az′ and ax ′ the
secular and nonsecular hyperfine interactions, respectively.

In the ISE experiment there are three important
parameters – the sweeping range of the MW frequency frange,
the sweep speed v = df/dt , and the strength of the driving
field �M . To find the optimal conditions is generally a complex
problem, but some considerations help to narrow the range
of spectral parameters. A detailed theoretical analysis of the
method [16] reveals that for effective transfer of polarization
the adiabatic condition with respect to the NV states has to
be fulfilled while being only semiadiabatic with respect to the
flip-flop transition,

�2

|v| � 1. (4)

On the other hand v should not be too small to avoid
adiabaticity for the flip-flop transition. In Fig. 4 we show how
the polarization transfer depends on these parameters.

In these experiments the nuclear spin bath was polarized
using the ISE pulse sequence shown in Fig. 4(a). It starts
with the usual laser pulse to initialize the NV followed by
an MW chirp pulse where its frequency is changed over the
resonance transition. After that the polarization is measured
and reinitialized by applying the NOVEL pulse sequence
with optimal parameters for M = 200. We observe that,
by increasing the sweeping range, the polarization transfer
improves until a saturation for frange > 10 MHz is reached
[Fig. 4(b)]. The maximum of the nuclear spin polarization
is the same as in the NOVEL experiment (Fig. 3), showing
that with both DNP methods similar nuclear spin polarization
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(a)

(b) (c)

FIG. 5. (a) Energy levels of the NV’s electron as a function of the strength of the applied static magnetic field �B along the NV’s crystal
axis. The arrows indicate the two MW frequencies f3 = f 1 + � and f4 = f 2 − � which are used to drive the double-quantum transition
|−1〉 ↔ |+1〉. (b) Shift of the resonance line for the single- and double-quantum transitions as a function of the misalignment angle θ for 1770 G
(solid) and for 1 T (dashed). (c) Experimental (blue markers) and theoretical [red curve, using the Hamiltonian (5)] DQT Rabi oscillations.

can be achieved. Due to the frequency sweep, ISE with the
optimal parameters is about three times slower per polarization
cycle than NOVEL, but it can be applied for broader spectral
lines. An increase of the spin polarization transfer is also
observed when the inverse sweeping rate 1/|v| is increased
[Fig. 4(c)] and additionally the signal oscillates. A similar
effect is observed when the Rabi frequency is changed; see
Fig. 4(d), where the maximum polarization transfer is reached
close to the Hartman-Hahn condition [Eq. (2)].

The oscillating behavior in Fig. 4(d) is attributed to
Landau-Zener-Stückelberg oscillations [26,27], which is con-
firmed by the theoretical calculations (blue curves) using
the Hamiltonian (3) with three nuclear spins, 20 polarization
cycles (more cycles do not introduce changes), and no further
free parameters. Such oscillations can only be observed in
a single spin experiment, owing to the signal averaging in
an ensemble experiment with many different nuclear spin
environments.

IV. DNP USING THE DOUBLE-QUANTUM TRANSITION

One major drawback of NV centers in their application
for DNP is that the electron spin polarization mechanism
and its transition frequency depend on the orientation of the
applied static magnetic field �B with respect to the z axis

(angle θ ). In an ensemble of nanodiamonds each NV will
have an arbitrary orientation, which may change over time
and will lead both to significant broadening of the ESR line
and to loss of ODMR contrast. In this case NOVEL cannot
be used for DNP as it works in a narrow frequency range as
shown in Fig. 3(a). Some of us have recently proposed [16] the
use of DQT (|−1〉 ↔ |+1〉) of NV centers in nanodiamonds
at high magnetic fields (when DŜ2

z << gμB | �B|) to reduce
the sensitivity to misalignments. The DQT can be driven
by applying simultaneously two MW frequencies which are
detuned with � from the single-quantum transitions; see
Fig. 5(a).

Figure 5(b) shows how the resonance frequency of SQT and
DQT depends on the misalignment of �B. From this plot we can
observe the stark difference in angle dependence between SQT
and DQT. For example, for B = 1 T and θ = 20◦ the resonance
shift in DQT is less than 50 MHz, compared with SQT where
it is about 500 MHz. A typical experimental data set of a DQT
Rabi measurement is depicted in Fig. 5(c), where the signal
can be simulated using the Hamiltonian (5) explained below.

Next we describe briefly the DQT-DNP method; a more
detailed description of the physics involved can be found
in [16], Sec. II. Under MW irradiation with frequencies
ωMW

−1 = 2πf1, ωMW
1 = 2πf2 and amplitudes (Rabi frequen-

cies)
√

2 �1,
√

2 �−1, the following Hamiltonian in the
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FIG. 6. (a) Pulse sequence for the DQT-NOVEL experiment. Efficiency of the transfer of polarization for SQT (blue) and DQT (red) as
a function of the Rabi frequency (b) and the length of the spin locking pulse (c). All experiments are measured using PROPI with optimal
NOVEL conditions.

interaction picture is obtained

H = δ

2
Sz + �S2

z + �1

2
(|1〉〈0| + |0〉〈1|) + �−1

2
(|−1〉〈0|

+ |0〉〈−1|) + γIBIz′ + Sz(az′Iz′ + ax ′Ix ′ ). (5)

Defining �1 = ω1 − ωMW
1 , �−1 = ω−1 − ωMW

−1 , then δ =
�1 + �−1 is the detuning from the DQT, and � = (�1 −
�−1)/2 is the detuning from the |0〉 state; see Fig. 5(a). As
� > �1,�−1, the |0〉 state is detuned from the dynamics and
we obtain an effective Hamiltonian for the {|−1〉,|1〉} subspace
after adiabatic elimination of the |0〉 state,

HDQT = (δ + δso)σz + �effσx + γIBIz + 2σz(az′Iz′ + ax ′Ix ′ ),

(6)

where σz = 1
2 (|1〉〈1| − |−1〉〈−1|), σx = 1

2 (|1〉〈−1| +
|−1〉〈1|), and δso = �2

1−�2
−1

4�
is the detuning due to

second-order corrections for � � �1,�−1. The DQT
Rabi frequency when �1�−1 = �SQT and δ = 0 is given by
�eff = 1/2(

√
2α�2

SQT + �2 − �), where typical experimental
parameters are �SQT ≈ 10 MHz and � = 40 MHz. The
factor α is introduced for convenient sweeping of the Rabi
frequency; see Fig. 7(d).

Time evolution under the effective Hamiltonian (6) will
result in polarization transfer from the NV center to a single
nuclear spin. Here the effective hyperfine coupling is two times
larger compared to the SQT experiments; see Eq. (3). This
result is confirmed by the experiment as shown below.

A. NOVEL using DQT

The pulse sequence for the NOVEL experiment using the
DQT is shown in Fig. 6(a). After the initialization of the NV in
|0〉, we apply a π pulse on the |0〉 ↔ |−1〉 transition, followed
by two pulses on both transitions, which serve as a DQ π/2
pulse. Afterwards we apply a DQ spin locking pulse (90◦
phase shifted with respect to the π/2 pulse), during which

the NV’s electron spin is in the dressed state basis. Then we
transform back to the |0〉,|−1〉,|1〉 basis. The magnetization
of the nuclear spin bath is read out by PROPI using a SQT-
NOVEL sequence with M = 200. In Fig. 6(b) we compare
the efficiency of the polarization transfer for SQT-NOVEL
(blue curves) and DQT-NOVEL (red curves) as a function of
the Rabi frequency. We observe that for the DQT measurement
spin flip-flop processes occur for a wider range of MW powers,
compared to SQT-NOVEL. By increasing the length of the
spin locking pulses, DQT reaches maximum earlier compared
to SQT as shown in Fig. 6(b). Both signals show oscillations,
which are caused by the 13C spins with the strongest coupling
(compared to the rest of the nuclear spin bath) to the NV. The
DQT shows the doubled frequency (60 kHz) compared to SQT
(30 kHz), as expected from the theory [see Eq. (6)] due to the
twice larger magnetic dipole moment.

B. ISE using DQT

In the previous section we have shown polarization build
up via the DQT-NOVEL method, but the resonance frequency
range is limited [see Fig. 6(b)]. Here we implement ISE using
the DQT, where both larger frequency range and robustness
against misalignment of the magnetic field is expected. The
pulse sequence used in the experiment is depicted in Fig. 7(a).

Again the NV is put into the |−1〉 state by a laser and a
π pulse. Simultaneously two chirp pulses are applied on both
NV transitions. The frequency of the pulse on the |0〉 ↔ |+1〉
transition is increasing, while on the other one it is decreasing.
Here � is kept constant, while δ is changed; see Eq. (5).
At the end we use again a π pulse on the |0〉 ↔ |−1〉
transition and then read out the NV state. The nuclear spin
bath magnetization is read out by PROPI using a SQT-NOVEL
sequence. First we compare how the polarization transfer
depends on the range of the frequency sweep for DQT and
SQT; Fig. 7(b). We find that for the former measurement a
saturation is reached for about half of the range compared to
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FIG. 7. (a) Pulse sequence for the DQT-ISE experiment. (b) Polarization transfer as a function of the frequency range for SQT-ISE (blue)
and DQT-ISE (red). Polarization transfer dependence on the sweeping rate (c) and MW amplitude factor α proportional to the Rabi frequency
(d) for DQT (red markers). The blue curves are simulations. (e) Misalignment of the external magnetic field with respect to the NV axis of 5◦;
performance of DQT-ISE (red) and SQT-ISE (blue) depend on the range of the sweep (here N = 50 and M = 300). Readout is performed by
PROPI with Hartmann-Hahn conditions matched.

the SQT, which could be explained by the doubled effective
hyperfine interaction constant to the 13C nuclear spins. When
we change the sweeping rate [see Fig. 7(c)], we again
observe the Landau-Zehner-Stückelberg oscillations, similar
to the SQT-ISE experiment [see also Fig. 4(b)]. Analogous
to SQT-ISE, this is also the result of changing the DQ Rabi
frequency shown in Fig. 7(d). This behavior can be reproduced
with simulations [blue curves in Figs. 7(c) and 7(d)] using the
Hamiltonian (6) and same parameters as in Sec. III B adding
additional MW power fluctuations of ±5%.

At high magnetic fields when the magnetic field is not
aligned with the NV crystal axis, both the optical polarization
and contrast of the readout of the NV center are significantly
reduced [4]. However, our readout method still enables the
measurement of the nuclear bath polarization although with
low contrast.

The misalignment shifts the NV’s resonance frequency
by �SQT leading to the effective Rabi frequency �eff =√

�2
SQT + �2

SQT, where the MW drive �SQT is constant. From
Fig. 3 we observe that the width of the Hartmann-Hahn
resonance is approximately 100 kHz in the SQT. At the
applied magnetic field of 1770 G and a misalignment angle
of 5◦ with the NV crystal axis the electron spin resonance

is shifted by �SQT ≈ 60 MHz, resulting in �eff ≈ 60 MHz
since �SQT = 1.86 MHz. Here we are far away from the
Hartmann-Hahn condition (2).

We have performed DNP experiments with θ = 5◦. In
Fig. 7(e) we compare SQT-ISE and DQT-ISE showing how
the polarization transfer depends on the frequency sweep
range, which is centered around the new, misaligned resonance
condition. We observe similar behavior compared to the
aligned case. Beginning from a certain range, polarization
is transferred from the NV to the nuclear spins, where for
DQT-ISE the required range is shorter than with SQT-ISE.
In order to measure this polarization transfer PROPI is used
with optimal parameters of the NOVEL sequence. The signal
obtained in the experiments is rather low, compared to the
signal when the magnetic field is aligned. This effect is not due
to low efficiency of the polarization transfer, but rather a result
of the inefficient readout of the nuclear spin bath. Owing to
misalignment-induced loss of optical polarization efficiency
and no nitrogen hyperfine spin state polarization [28] the
ODMR contrast is ∼10-fold reduced. These lead also to lower
polarization efficiency in NOVEL which means that compared
to the aligned case more polarization cycles (M = 300) are
needed to reinitialize the spin bath. Due to the low signal
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the measurement time increased 100 times, thus allowing us
to perform an experiment only for one off-axis angle of the
magnetic field. We could not perform this measurement at
higher magnetic field and at larger angle θ since the signal was
too low.

In addition to requiring a shorter sweep range as in
the aligned case, DQT-ISE enables covering a larger angle
misalignment for the same sweep range. As shown in Fig. 5(c),
in 1-T magnetic field, a 5◦ angle will correspond to barely
a few MHz shift in the DQT resonance, compared to over
30 MHz for the SQT.

V. CONCLUSIONS

We presented a method for reading out bath’s magnetization
called polarization readout by polarization inversion (PROPI)
providing a measure of polarization of the nearby nuclear
spins. With this technique we have evaluated robust methods
for controlling the nuclear spin bath (13C nuclear spins) sur-
rounding a central electron spin (single NV center). In contrast
to previous reports, our polarization techniques can be applied
at a wide range of magnetic fields and sample orientations. This
enables the implementation of optical DNP in nanodiamonds
and also in 13C enriched samples with broad spectral line
widths. We compare the performance of the different methods,

where the experimental data are well supported by theoretical
simulations. The methods demonstrated here could be applied
to other promising systems like color centers in silicon carbide,
where nuclear spin polarization has been also observed [29].
We believe that the results reported here will find an application
in DNP NMR spectroscopy and MRI with chemically modified
nanodiamonds as markers.

ACKNOWLEDGMENTS

We thank L. P. McGuinness, T. Unden, S. Schmitt, P.
London, X. Kong, B. Tratzmiller, and C. Müller for fruitful
discussions and technical support. We thank Jan Haase for
providing code to obtain hyperfine coupling constants in the
diamond lattice. This work was supported by the ERC Synergy
grant BioQ, the EU (DIADEMS, HYPERDIAMOND Grant
Agreement No. 667192), the DFG (SFB TR/21, FOR 1493),
and the Volkswagenstiftung. B.N. is grateful to the Postdoc
Network program of the IQST and to the Bundesministerium
für Bildung und Forschung for receiving the ARCHES award.
I.S. acknowledges a Ph.D fellowship from the IQST. I.D.
acknowledges financial support from the Alexander von
Humboldt-Stiftung via the Humboldt Research Fellowship for
Postdoctoral Researchers.

[1] J. Cai, A. Retzker, F. Jelezko, and M. B. Plenio, Nat. Phys. 9,
168 (2013).

[2] G. A. Álvarez, D. Suter, and R. Kaiser, Science 349, 846
(2015).

[3] K. Tateishi, M. Negoro, S. Nishida, A. Kagawa, Y. Morita,
and M. Kitagawa, Proc. Natl. Acad. Sci. USA 111, 1599
(2014).

[4] V. Jacques, P. Neumann, J. Beck, M. Markham, D. Twitchen,
J. Meijer, F. Kaiser, G. Balasubramanian, F. Jelezko, and J.
Wrachtrup, Phys. Rev. Lett. 102, 057403 (2009).

[5] P. London, J. Scheuer, J.-M. Cai, I. Schwarz, A. Retzker, M. B.
Plenio, M. Katagiri, T. Teraji, S. Koizumi, J. Isoya, R. Fischer,
L. P. McGuinness, B. Naydenov, and F. Jelezko, Phys. Rev. Lett.
111, 067601 (2013).

[6] R. Fischer, C. O. Bretschneider, P. London, D. Budker, D.
Gershoni, and L. Frydman, Phys. Rev. Lett. 111, 057601
(2013).

[7] G. Alvarez, C. Bretschneider, R. Fischer, P. London, H. Kanda,
S. Onoda, J. Isoya, D. Gershoni, and L. Frydman, Nat. Commun.
6, 8456 (2015).

[8] J. P. King, K. Jeong, C. C. Vassiliou, C. C. Shin, R. H. Page,
C. E. Avalos, H.-J. Wang, and A. Pines, Nat. Commun. 6, 8965
(2015).

[9] B. L. Green, B. G. Breeze, G. J. Rees, J. V. Hanna, J.-P. Chou,
V. Ivädy, A. Gali, and M. E. Newton, Phys. Rev. B 96, 054101
(2017).

[10] J. R. Maze, P. L. Stanwix, J. S. Hodges, S. Hong, J. M. Taylor,
P. Cappellaro, L. Jiang, M. V. G. Dutt, E. Togan, A. S. Zibrov,
A. Yacoby, R. L. Walsworth, and M. D. Lukin, Nature (London)
455, 644 (2008).

[11] G. Balasubramanian, I. Y. Chan, R. Kolesov, M. Al-Hmoud, J.
Tisler, C. Shin, C. Kim, A. Wojcik, P. R. Hemmer, A. Krueger,
T. Hanke, A. Leitenstorfer, R. Bratschitsch, F. Jelezko, and J.
Wrachtrup, Nature (London) 455, 648 (2008).

[12] F. Dolde, H. Fedder, M. W. Doherty, T. Nöbauer, F. Rempp, G.
Balasubramanian, T. Wolf, F. Reinhard, L. C. L. Hollenberg, F.
Jelezko, and J. Wrachtrup, Nat. Phys. 7, 459 (2011).

[13] P. Neumann, I. Jakobi, F. Dolde, C. Burk, R. Reuter, G.
Waldherr, J. Honert, T. Wolf, A. Brunner, J. H. Shim, D. Suter,
H. Sumiya, J. Isoya, and J. Wrachtrup, Nano Lett. 13, 2738
(2013).

[14] G. Kucsko, P. C. Maurer, N. Y. Yao, M. Kubo, H. J. Noh,
P. K. Lo, H. Park, and M. D. Lukin, Nature (London) 500, 54
(2013).

[15] J. Scheuer, I. Schwartz, Q. Chen, D. Schulze-Sünninghausen, P.
Carl, P. Höfer, A. Retzker, H. Sumiya, J. Isoya, B. Luy, M. B.
Plenio, B. Naydenov, and F. Jelezko, New J. Phys. 18, 013040
(2016).

[16] Q. Chen, I. Schwarz, F. Jelezko, A. Retzker, and M. B. Plenio,
Phys. Rev. B 92, 184420 (2015).

[17] A. Henstra, P. Dirksen, and W. Wenckebach, Phys. Lett. A 134,
134 (1988).

[18] A. Henstra and W. Wenckebach, Mol. Phys. 112, 1761 (2014).
[19] G. R. Khutsishvili, Sov. Phys. JETP 15, 909 (1962).
[20] A. Henstra, P. Dirksen, J. Schmidt, and W. Wenckebach, J. Magn.

Reson. 77, 389 (1988).
[21] S. R. Hartmann and E. L. Hahn, Phys. Rev. 128, 2042 (1962).
[22] G. Waldherr, J. Beck, M. Steiner, P. Neumann, A. Gali, T.

Frauenheim, F. Jelezko, and J. Wrachtrup, Phys. Rev. Lett. 106,
157601 (2011).

174436-9



JOCHEN SCHEUER et al. PHYSICAL REVIEW B 96, 174436 (2017)

[23] J. Prior, A. W. Chin, S. F. Huelga, and M. B. Plenio, Phys. Rev.
Lett. 105, 050404 (2010).

[24] U. Schollwöck, Ann. Phys. 326, 96 (2011).
[25] D. Suess and M. Holzaepfel, [https://github.com/dseuss/

mpnum] .
[26] S. Shevchenko, S. Ashhab, and F. Nori, Phys. Rep. 492, 1 (2010).

[27] P. Huang, J. Zhou, F. Fang, X. Kong, X. Xu, C. Ju, and J. Du,
Phys. Rev. X 1, 011003 (2011).

[28] P. Neumann, Ph.D thesis, University of Stuttgart, 2012.
[29] A. L. Falk, P. V. Klimov, V. Ivady, K. Szasz, D. J. Christle, W. F.

Koehl, A. Gali, and D. D. Awschalom, Phys. Rev. Lett. 114,
247603 (2015).

174436-10



5.3 Robust optical polarization of nuclear spin baths using Hamiltonian engineering of nitrogen-vacancy center quantum dynamics

5.3 Robust optical polarization of nuclear spin
baths using Hamiltonian engineering of
nitrogen-vacancy center quantum dynamics

Title: Robust optical polarization of nuclear spin baths using
Hamiltonian engineering of nitrogen-vacancy center quantum
dynamics

Authors: I. Schwartz, J. Scheuer, B. Tratzmiller, S. Müller, Q. Chen,
I. Dhand, Z. Wang, C. Müller, B. Naydenov, F. Jelezko and
M. B. Plenio

Journal: Science Advances 4 8 eaat8978

Year: 2018

Copyright: The Authors, some rights reserved; exclusive licensee Amer-
ican Association for the Advancement of Science under the
Creative Commons Attribution NonCommercial License 4.0
(CC BY-NC 4.0). In accordance to this license, the author
has the right to reuse the full-text article in his dissertation.

DOI: http://www.doi.org/10.1126/sciadv.aat8978

97

https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
http://www.doi.org/10.1126/sciadv.aat8978




PHYS I CS Copyright © 2018

The Authors, some

rights reserved;

exclusive licensee

American Association

for the Advancement

of Science. No claim to

originalU.S. Government

Works. Distributed

under a Creative

Commons Attribution

NonCommercial

License 4.0 (CC BY-NC).

Robust optical polarization of nuclear spin baths using
Hamiltonian engineering of nitrogen-vacancy center
quantum dynamics
Ilai Schwartz1,2*†, Jochen Scheuer3*, Benedikt Tratzmiller1*, Samuel Müller3, Qiong Chen1†,
Ish Dhand1, Zhen-Yu Wang1, Christoph Müller2, Boris Naydenov3, Fedor Jelezko3, Martin B. Plenio1†

Dynamic nuclear polarization (DNP) is an important technique that uses polarization transfer from electron to nuclear
spins to achieve nuclear hyperpolarization. Combining efficient DNP with optically polarized nitrogen-vacancy (NV)
centers offers promising opportunities for novel technological applications, including nanoscale nuclear magnetic
resonance spectroscopy of liquids, hyperpolarized nanodiamonds asmagnetic resonance imaging contrast agents,
and the initialization of nuclear spin–based diamond quantum simulators. However, none of the current realizations
of polarization transfer are simultaneously robust and sufficiently efficient, making the realization of the applications
extremely challenging. We introduce the concept of systematically designing polarization sequences by Hamiltonian
engineering, resulting in polarization sequences that are robust and fast. We theoretically derive sequences and
experimentally demonstrate that they are capable of efficient polarization transfer from optically polarized NV
centers in diamond to the surrounding 13C nuclear spin bath even in the presence of control errors,making the above-
mentioned novel applications possible.

INTRODUCTION
A key challenge in the quantum manipulation and detection of small
nuclear spin ensembles is their minute level of polarization at thermal
equilibrium, which is on the order of 10–5 for a magnetic field of 2 T at
room temperature. Overcoming this challenge holds the key for the rea-
lization of quantum applications ranging from quantum simulators to
nanoscale nuclear magnetic resonance (NMR) devices. These will be
turned from laboratory demonstrations into realistic applications by po-
larization schemes that enable their efficient initialization and readout.
An important breakthrough in this respect has been the realization that
the electron spinof thenitrogen-vacancy (NV)centers indiamond(aswell
as color centers in silicon carbide and photoexcited triplet-statemolecules)
can be optically initialized nearly perfectly even at room temperature and
under ambient conditions, allowing for rapid electron spin polarization to
be generated optically or chemically far above thermal equilibrium and
subsequently transferred to surrounding nuclei (1–6). These systems pres-
ent a unique opportunity for polarizing and initializing spin baths and un-
locking the potential of nanoscale applications including the initialization
of quantum simulators based on nuclear spin arrays in diamonds (7, 8),
magnetic resonance imaging (MRI) tracers via diamond nanoparticles
and powdered diamond (9–13), and the enhancement of NMR using
NV spin ensembles (14).

However, when trying to achieve nuclear hyperpolarization via NV
centers or similar systems (for example, silicon carbide and photo-
excited triplet-state molecules), we are faced with two key challenges.
First, optically polarizable electron spins are typically higher spin
systems, with S≥ 1. The lattice-oriented zero-field splitting in the pres-
ence of external magnetic fields and disorder results in a large spectral
range of the electron spin resonance, hindering effective polarization

transfer to the surrounding nuclear spins. Second, many of these
systems exhibit fast electron spin relaxation (for example, photoexcited
triplet states) (15), requiring fast polarization transfer, orweak hyperfine
coupling to the nuclear spins (for example, NV centers in diamonds,
especially to external nuclear spins), limiting polarization transfer rates.
Overcoming this combination of challenges presents a daunting task, as
it requires a polarization transfer scheme that (i) works for a large spec-
tral range of the electronic system and (ii) produces a fast and efficient
polarization transfer from electron to nuclear spins.

Many dynamic nuclear polarization (DNP) protocols have been
developed and applied over the past several decades, starting from con-
tinuous microwave (MW) irradiation (16) to more efficient pulsed
schemes (17, 18). A common theme in all protocols that are effective
for low electron spin concentration is the use of a long MW pulse to
match the Larmor frequency of the nuclear spins to the electronic Rabi
rotation in the frame of reference of theMWdrive, which is well known
as a Hartmann-Hahn (H-H) resonance (19). Unfortunately, owing to
the weak electron-nuclear interaction, even a small detuning from this
resonance inhibits the polarization transfer, which renders these
schemes strongly dependent on the intensity and frequency of the
MW drive as well as the orientation and transition frequency of the
NV center. While modified protocols such as the integrated solid effect
(ISE) (10, 18, 20) improve the robustness across larger spectral ranges,
this comes at the expense of a significantly slower polarization transfer.
Thus, devising aDNPprotocol that is both robust and fast has remained
an unmet challenge.

Here, we present a new approach for performing DNP, termed
PulsePol, which combines fast polarization transfer with remarkable
robustness against a broad range of experimental imperfections including
power and detuning fluctuations. In sharp contrast to the schemes de-
scribed above,which allow for polarization transfer only during the pulses,
this is achieved by the design of sequences of short pulses (21, 22) (much
shorter than the nuclear Larmor period), with extended waiting periods
between the pulses, that refocus the electron-nuclear interaction such that
polarization transfer is achieved through the accumulated dynamics be-
tween pulses. Aswewill demonstrate both theoretically and experimentally,
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this approach provides inherent robustness toMWerrors and electron
spectral width and a high degree of flexibility, which allows to take full
advantage of pulse optimizationmethods developed inNMR (23, 24) to
tailor the polarization to the specific challenges of the experimental setup.

We start by describing the theoretical framework of Hamiltonian
engineering and derive the PulsePol sequence whose robustness against
detuning and pulse length/strength errors we establish theoretically.We
then proceed to experimentally confirm the efficiency of the protocol
for a singleNV center in a diamond surrounded by 13C nuclei and com-
pare the performance of the PulsePol protocol to state-of-the-art DNP
schemes. Finally, we discuss several applications of our protocol.

THEORETICAL FRAMEWORK
For simplicity, we consider a system of a single electron spin S

→
(S ¼ 1

2
for simplicity, later realized by the |m = 0〉 and |m = − 1〉 levels of the
NV center) coupled to a single nuclear spin I

→
, subject to intermediately

applied MW pulses, which are used for control of the electron spin

H ¼ wSSz þ wI Iz þ S
→AI

→ þHd ð1Þ

where wS(wI) denotes the electron (nuclear) Larmor frequency, and
A is the hyperfine tensor. Hd = 2W(t)Sx cos(wMWt + φ), in which
wMW is the MW frequency, φ is its phase, and the Rabi frequency
W(t) takes the value W0 when the MW is on, and 0 otherwise.

For the realization of a robust and efficient interaction between
the NV center and the surrounding nuclear spins, one needs to sim-
ultaneously achieve the decoupling of the NV electron spin from
environmental noise while refocusing the desired interaction with
the nuclear spin bath. This can be achieved by dynamical decoupling
(DD) protocols (25, 26) such as Carr-Purcell-Meiboom-Gill (27) or the
XY pulse family (28), where equally spaced pulses separated by a time
t such that only interactions with nuclear spins precessing at a frequency
wI = np/t are preserved.

When these DD sequences achieve resonance with a nuclear spin,
the resulting effective Hamiltonian that describes the time evolution is,
in a suitable electronic basis, of the form Heff = aAxSxIx, where Ax de-

notes the x component of the hyperfine vector, and a < 1 is a constant
determined by the filter function generated by the pulse sequence (29).
Heff does not transfer polarization, and the concept of pulsed polariza-
tion is to engineer this Hamiltonian to produce the desired flip-flop dy-
namics. To this end, for a short time intervalDt≪w�1

I , we apply a time
evolution according to Heff = aAxSxIx, and in a subsequent interval of
length Dt, we let the system follow a time evolution according toHeff =
aAxSyIy. This is achieved by mapping both the electronic basis by an
MW pulse and the nuclear spin basis by a suitable time delay from
x to y (see Fig. 1). Repeating this sequence yields a time evolution that is
governed, for times exceeding w�1

I andwhenever the coupling strength
satisfies Ax ≪ wI, by the effective flip-flop Hamiltonian

Havg ¼ � aAx

4
ðSþI� þ S�IþÞ ð2Þ

which is the sum of Heff = aAxSxIx and Heff = aAxSyIy.
We would like to emphasize that the rapid switching in intervals

Dt represents a crucial deviation from schemes that aim to achieve
engineered electron-nuclear SWAP gates after a time pA�1

x by first
applying an evolution according to exp(−iAxSxIxt/2) for half the
total interaction time, followed by exp(−iAxSyIyt/2) for the second
half (30), as this achieves a SWAP gate only at t ¼ pA�1

x , while in
between the evolution may include both flip-flip and flip-flop
terms. Achieving flip-flop dynamics on the time scale of the Larmor
frequency wI is crucial for DNP applications, especially those in which
the nuclei are in rapid motion as standard SWAP pulse sequences are
slow and are not suitable for ensembles of electron spins coupled to
nuclear spin baths due to coupling strength variations. Furthermore,
any loss of coherence faster than the interaction time, due to noisy
environment or dynamics on fast time scales (for example, molecular
motion), would completely destroy any polarization transfer. These
effects are mitigated when the average dynamics are achieved on the
nuclear Larmor time scale, which are very fast. However, one chal-
lenge (see the Supplementary Materials) remains, as the basic scheme
using the rapid alternation between AxSxIx and AxSyIy on the time
scale of the Larmor frequency, and other simple variants, come at
the expense of an enhanced sensitivity to pulse errors and detunings

Repeat M

Times

Fig. 1. Theoretical framework overview. Polarization of a bath of nuclear spins (gray) by an electron spin (yellow): The initially unpolarized bath and the polarized electron spin
(upper left) evolve according to an engineered Hamiltonian that describes a flip-flop interaction, and the electron spin is periodically reinitialized. After several repetitions, the
nuclear spin bath is polarized (lower right). Illustration of effective Hamiltonian engineering (gray box): A combination of standard symmetric and asymmetric DD sequences with
the effective Hamiltonians Hº Sz ⊗ Ix/y can be modified to a flip-flop Hamiltonian H º Sx ⊗ Ix + Sy ⊗ Iy by introducing basis changes with p/2 pulses.
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because the change between Sx and Sy dynamics typically introduce
unbalanced p/2 pulses, not part of standard DD sequences.

Thus, no robust pulse sequence or tailoring of DD sequence is
known to produce the fast flip-flop dynamics on very short time scales,
regardless of the coupling strength while satisfying (i) that detuning
errors accumulated during the free evolution are canceled (for example,
by p refocusing; see the Supplementary Materials) and preferably also
decoupled from unwanted noise and fluctuations and (ii) that variable
pulse lengths and detuning and Rabi frequency errors are canceled at
least to the first order.

Wehave constructed such a sequence, termedPulsePol and depicted
in Fig. 2A, analytically from components chosen to satisfy the above
requirements (see the Supplementary Materials for a detailed dis-
cussion). PulsePol achieves polarization transfer for a choice of pulse
spacing

t ¼ np
wI

ð3Þ

for odd n with the strongest coupling occurring for n = 3, where a ¼
2
3pð2þ

ffiffiffi
2

p Þ, and yields an effective flip-flopHamiltonian for times lon-
ger thanw�1

I . Full polarization transfer between NV and nuclei is found
after a time t = 2Nt = 4p/(aAx), where N is the number of basic pulse
cycles (Fig. 2A).As a consequence, PulsePol achieves polarization transfer
in a time scale that is only 28% slower than that achieved with H-H co-
herent transfer under optimal conditions (Fig. 2B) and significantly faster
than other polarization transfer schemes (for example, ISE and solid
effect). Furthermore, PulsePol is robust to errors as it has several inher-
ent advantages that enhance its robustness:

(i) Strong pulses with amplitude W0, without the requirement of
matching the H-H condition, are robust to detuning that satisfies
D ≪ W0.

(ii) The PulsePol sequence cancels second-order errors in the pulse
strength and first-order errors in the detuning (see the Supplementary
Materials), making it robust to noise and small pulse imperfections,
similar to DD sequences.

(iii) The individual pulses can be optimized by numerous methods
developed in NMR, including composite pulses (23) and shaped pulses
(31, 32).

(iv) Phase errors in the applied pulses can be corrected to first order
by a corresponding shift in the resonance condition with no loss of ro-
bustness to detuning and Rabi frequency errors (see the Supplementary
Materials for further details).

For demonstrating the robustness of the PulsePol sequence, we in-
troduce errors into the pulses and free evolutions, with the PulsePol evo-
lution during the pulses described as

Uq;±X=±Y ¼ exp �i
q
W0

DSz±~W0SX=Y þ∑
j
wI I

j
z þ Sz Aj

xI
j
x þ Aj

zI
j
z

� �� �� �

ð4Þ

including the detuning (frequency mismatch) D that is also present
during every free evolution and accounting for deviations in pulse
strength/length of the pulses by a Rabi frequency error dW ¼ W0 �
~W0. As the pulse duration is finite, it is subtracted from the waiting
time between the pulses. Since the PulsePol sequence corrects the
errors after two cycles lasting for a total of 2t, fluctuations in W0 or wS

(and hence D), which occur on a slower time scale (for example, for
X-band frequencies and 13C or 1H, this implies that 2t < 1 ms) will
have a similar effect to a constant error; thus, the following described
robustness holds also for magnetic field or MW inhomogeneities.

Figure 2B demonstrates the effect of pulse errors by showing the
evolution of the polarization of a single nuclear spins as quantified
by 2〈Iz〉 near an initially fully polarized electron spin, when applying the
PulsePol sequence and nuclear orientation via electron spin locking
(NOVEL) sequence (17). The chosen parameters are typical for an
NV center spin in a diamond surrounded by 13C nuclear spins. Com-
pared to NOVEL, where small errors can almost completely eliminate
the polarization transfer, PulsePol is only slightly affected by these errors.

For a detailed characterization of the robustness, we consider a sys-
tem of nuclear spins coupled to an electron spin in a diamond. Because

A
C

B

Fig. 2. PulsePol sequence and simulations of robustness. PulsePol sequence (A) and robustness compared to nuclear orientation via electron spin locking (NOVEL). (B) The
polarization transfer to a single nuclear spin for NOVEL (upper graph) under perfect conditions (black line). A D = (2p)0.5-MHz detuning error (dashed blue line) and 2% Rabi
frequency error (dashed-dotted green line) drastically reduce polarization transfer. For PulsePol (lower graph) under perfect conditions (black line), the transfer is 28% slower, as
predicted by the effective Hamiltonian of Eq. 2 (red crosses). Detuning errors D = 0.1W0 = (2p)5 MHz (dashed blue line) and Rabi frequency errors dW = 0.1W0 = (2p)5 MHz
(dashed-dottedgreen line) have avery small effect. (C) Consideringa systemof oneelectron spin and fivenuclear spins, for the sameparameterswI= (2p)2 MHzandW0 = (2p)50MHz,
polarization transfer versus D and dW/W0 for the PulsePol sequence, with a comparison to a NOVEL sequence for its relevant detuning values |D| < (2p)2MHz in the inset. The
graphs result from averaging more than 100 realizations of the locations of the five closest nuclear spins to the NV center electron spin on a carbon lattice, and for PulsePol, a
resonance shift of 2.5% and corresponding phase errors were used (see the Supplementary Materials).
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of the 1.1% natural abundance of 13C isotopes, the interaction is
dominated by the closest nuclear spins, and we restrict attention of
the dynamics of the five closest nuclear spins to the NV center electron
spin on the lattice. The resulting polarization transfer efficiency from
the fully polarized NV center is quantified by 2∑i½〈IizðtÞ〉� 〈Iizð0Þ〉�
for different values of D, dW, and averaged over 100 nuclear spin con-
figurations, as shown in Fig. 2C. As can be seen, efficient polarization
transfer can be achieved in a (2p)60-MHz spectral range for the MW
driving strength of W0 = (2p)50 MHz. Note that the periodic vertical
polarization resonance lines in Fig. 2C are due to the detuning that
matches a resonance condition Dt/4 = kp for an integer k during the
free evolution.

We find that the PulsePol polarization protocol is robust for a wide
range of detuning and Rabi frequency errors, sufficient for overcoming
inhomogeneities and enhancing the polarization transfer efficiency in
many applications (for example, most radicals or electron defects in a
solid/glass). However, for overcoming the wide spectral range inherent
in some systems, including NV centers in nanodiamonds and photo-
excited triplet states, a wider range of detuning robustness is beneficial.
PulsePol can be optimized further by making use of broadband uni-
versal rotations that have been developed in NMR spectroscopy.

Composite pulses or numerically optimized pulses, especially those
derived with optimal control algorithms, have been used in NMR (24)
and, more recently in electron paramagnetic resonance (EPR) (31), can
be used to engineer the pulses for a required amount of robustness to
detuning and pulse strength. Symmetric phase pulses (see the Supple-
mentaryMaterials) (23) or the BURBOP (broadband universal rotations
by optimal control) pulses defined in (24) can extend the spectral range
robustness of PulsePol by a factor of 2 to around (2p)120 MHz for the
same pulse duration as those used in Fig. 2. Experimental effects, such as
the resonator bandwidth, can be included in the numerical optimization
and accommodated for in the engineered pulses (31).

It is worth noting that, unlike traditional methods in EPR/NMR
using short pulses for transferring polarization between spins [for ex-
ample, pulsed ENDOR (electron nuclear double resonance) (33) and
INEPT (insensitive nuclei enhanced by polarization transfer) (34)], no
radio frequencypulseornuclear spinmanipulation is required inPulsePol,

making it much easier to implement experimentally and mitigate issues
due to nuclear rotations taking three orders of magnitude longer time.

RESULTS
The NV center with its electron spin has recently gained considerable
interest as a resource spin for optical DNP for polarizing nuclear spins
inside the diamond (1–5, 10) and in external molecules (6, 35–37). The
NV center realizes in its ground state an electronic spin triplet (S = 1),
which exhibits a zero-field splitting of D = (2p)2.87 GHz that separates
thems = 0 state energetically from thems = ±1 states, which are split by
an applied magnetic field. One of them forms with ms = 0 the desired
effective two-level system shown in Fig. 3A. The NV spin can be opti-
cally polarized within 200 ns by a laser pulse that induces spin-selective
relaxation into thems = 0 sublevel of the ground state, resulting in spin
polarization exceeding 92% (38).

Using this setup, the NV center can be used to polarize the sur-
rounding nuclear spins and to use the same center to read out the po-
larization using polarization readout by polarization inversion (PROPI)
(20) with the sequence in Fig. 3B. This allows to probe the effectiveness
of polarization schemes on the level of a single NV center, providing an
experimental testbed for polarization schemes. Figure 3C demonstrates
the polarization efficiency of PulsePol and its robustness to detuning
compared to NOVEL. The resonance shift in the free evolution time
due to hardware phase errors was checked and found to be near the
optimal value (see the SupplementalMaterials). The robust polarization
of PulsePol for about (2p)60-MHz spectral width can be seen and is in
very good agreement with the theoretical simulations with five nuclear
spins. One shouldmention that this spectral width is only limited by the
power of the MW (the larger the power, the larger the width).

Previously developedmethods to compensate for the lack of robust-
ness of NOVEL and the solid effect were based on sweep-based schemes,
such as ISE. However, performing this sweep induces a trade-off between
its robustness to detuning and the polarization efficiency (the polarization
efficiency is inversely proportional to the sweep speed; thus, larger sweep
range either decreases efficiency or increases sequence time), which is not
present in PulsePol. Figure 3D shows the comparison for the polarization

A B

C D E

Fig. 3. Experimental implementation via optically polarized NV centers in diamond. (A) Probing robustness to detuning on a single NV by detuning the MW frequency from
the NV |ms = 0〉↔ |ms = − 1〉 transition. (B) PROPI sequence used for detecting polarization efficiency of PulsePol. (C) PROPI readout for different detunings D for PulsePol (red) and
NOVEL (blue). The lines are the smoothed simulation result of a comparable nuclear spin bathwith no free parameters. Formore details, see text. Polarization buildup by consecutive
polarization transfers for NOVEL, PulsePol, and ISE (D) for D = 0MHz, where all sequences, (E) D = (2p)20 MHz, where only PulsePol and very slow ISE are able to transfer polarization.
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buildup rate of PulsePol, NOVEL, and ISE [experimental parameters:
Rabi frequency W = (2p)1.79 MHz and inverse sweep rate of 3 ms/(2p)
MHz, near optimal for thisNV’s coupling to thenuclear spinbath], under
exact resonance conditions. For ISE, across a (2p)12-MHz bandwidth
(the minimal range that is required to achieve polarization transfer for
typical parameters) (20) and across a (2p)52-MHz bandwidth [which
achieves polarization transfer across a (2p)40-MHz spectral range] were
chosen. For the case of perfect resonance, the buildup rates for PulsePol
and NOVEL are comparable because PulsePol has a factor a in its effec-
tive Hamiltonian Eq. 2 and encompasses the three resonances because of
the hyperfine interactionwith thenitrogennuclear spin.However, for ISE
[(2p)12 MHz] and ISE[(2p)52 MHz], the rate is significantly slower be-
cause of the quadratic dependence on the interaction with the nuclear
spins in the efficiency of theMW sweep. Figure 3E shows a similar com-
parison with D = (2p)20-MHz detuning. While the performance of
PulsePol and ISE[(2p)52MHz] remains essentially unchanged, for both
NOVEL and ISE[(2p)12 MHz], the NV spin no longer transfers polar-
ization to the surrounding nuclear spin bath.

DISCUSSION
Important hyperpolarization applicationswithNVcenters in diamonds
where PulsePol is directly applicable are as follows: (i) the polarization
of nuclear spins inmolecules external to the diamondwith an ensemble
of shallowNVcenters (see Fig. 4A) (6, 35, 36), where polarization transfer
efficiency is the bottleneckof the achievedpolarization, and (ii) the hyper-
polarization of nanodiamonds as MRI biomarkers. Nanodiamonds
have been previously polarized at cryogenic temperatures (1 to 3 K)
and highmagnetic fields (9, 11, 12). Optical polarization via NV centers

at room temperature offers several key advantages such as less complex
and costly experimental setups and faster polarization buildup time
(10). For NV center nanodiamond polarization, an outstanding chal-
lenge is that the NV resonance can be significantly shifted because of
the random lattice orientation of the nanodiamond relatively tomagnetic
field orientation (Fig. 4B) and (iii) the initialization of quantum simula-
tors based on two- and three-dimensional arrays of nuclear spins (7, 8).

Common to all these applications are the requirement of near shal-
low NV centers, which can exhibit between (2p)2- and (2p)20-MHz
variance in the NV resonance due to surface electric charges as well
as interactions with P1 centers and other surface defects (potentially
more in dense ensembles). As the coupling between the shallow NV
spin and nuclear spin bath is very weak, even coherent polarization
transfer approaches the NV relaxation time, and ISE will not markedly
increase the polarization efficiency compared with NOVEL. It is im-
portant to note that, while the speed of polarization transfer of current
DNP schemes such as NOVEL in a bulk diamond is not a limiting
bottleneck, the speed of polarization buildup is vital in applications
such as polarization of molecules in liquid, where building up a high
polarization during the relaxation time of the nuclear spins in the
molecules is expected to be the main challenge. We simulate the polar-
ization transfer from the NV center to diffusing molecules via tensor-
network methods for two diffusion coefficients in Fig. 4C, exploiting
the time-evolving block decimation (TEBD). Critically, PulsePol
shows more than 80% polarization efficiency, whereas NOVEL (as
well as ISE) is expected to perform an order of magnitude worse for
this parameter regime. The inset elucidates the reason for this high
efficiency, as the frequency detunings of most shallow NV centers
are corrected by PulsePol.

A

C

B

D

Fig. 4. Hyperpolarization applications with NV centers in diamonds. (A) Illustration of shallow NV polarization setup, where NV centers implanted ~3-nm-deep
polarize-diffusing molecules in a solution outside of the diamond and (B) nanodiamonds with randomly oriented NV centers, where the polarization of 13C spins
(orange) allows for the usage as MRI contrast agents. (C) Polarization transfer from near-surface NV centers to a bath of 1200 nuclear spin bath, using the same Rabi
and Larmor frequency and sequence as in Fig. 2C averaged over NV centers with transition frequencies drawn from a Gaussian distribution with a (2p)20-MHz width. The
simulation uses matrix product states (39) and a diffusion coefficient of D = 1.4/2.8 × 10−12m2/s (blue dotted/red dashed curve), resulting in different correlation times and
efficiencies. The inset shows that the NV linewidth is well within the working range of the PulsePol protocol [W = (2p)50MHz]. More details of the simulation are
included in the Supplementary Materials. (D) On the basis of the resilience to detunings |D| < (2p)30MHz for a Rabi frequency of W = (2p)50MHz, more than 11%
of the NV orientations in nanodiamonds (azimuthal angle between 90° ± 6.5°, as shown on the sphere) contribute to polarization transfer.
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For being applicable to nanodiamond polarization, we have strong
magnetic field along the z direction of laboratory frame of reference
(geB ≫ D with ge the gyromagnetic ratio) and uniformed laboratory
frame of reference for different orientations of the NV center. However,
due to the large zero-field splitting, theNVdetuning can reach the order
of a gigahertz. In addition, the optical polarization and readout of the
NV decrease for highmisalignment between themagnetic field andNV
axis (q >20°), althoughwhen approaching q=90°, theNVcenter optical
polarization and readout again become efficient (10). By choosing the
MW frequency near the NV resonance corresponding to 90° angle be-
tween the diamond axis and external field (Fig. 4D), more than 11% of
the NV orientations can be addressed within just (2p)60 MHz (10),
which, in turn, can be achieved by applying PulsePol with (2p)49-MHz
Rabi frequency (for comparison, note that even in bulk diamond, only
25%NVcenters participate in polarization dynamics due to four possible
orientations in the lattice). The involved orientations are shown in Fig.
4D. Because of the Brownian rotation of the nanodiamonds in a solu-
tion, this wide NV addressability leads to all nanodiamonds becoming
hyperpolarized under reasonable conditions (10).

CONCLUSION
In conclusion, we have introduced a framework that allows for the
design of highly robust and efficient pulsed DNP schemes that transfer
polarization from electron to nuclear spins via pulse sequences that create
an effective evolution that is describedbya flip-flopHamiltonian.Wehave
presented a specific example sequence, PulsePol, which not only achieves
polarization transfer rates that are similar to those for existing schemes
when operated under ideal conditions but also affords a flexibility that
confers a remarkable robustness to detuning, spectral width, and pulse
errors because PulsePol does not need to satisfy an H-H resonance for
theMWamplitude.Weunderline the practical potential of PulsePol, with
the experimental demonstration of its efficiency in transferring polariza-
tion fromanoptically polarizedNVcenter in diamond to the surrounding
13C nuclear spin bath over a range of more than (2p)60-MHz detuning,
where this range is only limited by theMWdrive. This efficient and robust
polarization transfer by PulsePol significantly enhances the potential of
hyperpolarization of external molecules for nanoscale NMR or quantum
simulators using near-surfaceNVcenters and of nanodiamonds as hyper-
polarized MRI markers and polarization agents.

The PulsePol sequence and the framework within which it was
derived have considerable flexibility, which allows it to be used in a wide
variety of DNP experiments, potentially including those conducted via
radicals or at low temperatures. In addition to the advantages of robust-
ness toMWandmagnetic field inhomogeneity, the reduced sensitivity to
the electron resonance frequency will enhance polarization transfer in
cases where hyperfine splitting or the anisotropic g-tensor broadens the
electron spectral width.

MATERIALS AND METHODS
Experiments in diamond: The PROPI sequence used consisted of two
parts (Fig. 3B), which were repeated 5 × 104 times. The experiment
started with a thermally polarized nuclear spin bath. With the first part
of PROPI, nuclear spins were polarized into the |↑ 〉 state with 50
sequence cycles of PulsePol. Then, with the second part of PROPI, the
nuclear spin bath was fully polarized into the |↓↓↓… 〉 direction with
200 cycles of a well-known polarization sequence; in this case, NOVEL
with a 10-ms spin-locking time and matched H-H conditions was used.

With this number of cycles, a saturation of the polarization transfer could
be achieved.Hence, from the second repetition on, the first part of PROPI
started with a fully polarized nuclear spin bath (|↓↓↓… 〉), which
reversed nuclear spins into the opposite (|↑〉) direction up to a certain
degree. The amount of transferred polarization depends on the efficien-
cy of the sequence to be tested, for example, PulsePol, ISE, or NOVEL.
The nuclear polarization signal was observed during the repolarization
part (second part) by monitoring the NV’s fluorescence. A bright
signal, originated from flip-flop processes between the NV electron
spin and nuclear spins, saturated to a darker signal when the spin
bath reached a completely polarized state. Hereby, the area below
the saturation curve (first 100 of 200 cycles) gave a measure of nu-
clear polarization.

To determine the behavior of PulsePol with regard to detuning errors,
we added a detuningD =w1↔ 0−wMWbetween the |ms=0〉↔ |ms=−1〉
transition frequency and the external MW field frequency (Fig. 3A),
using a drive of approximately W0 = (2p)49-MHz Rabi frequency for
the pulses. Additional experimental parameters: Rabi frequency
W = (2p)1.86 MHz matching H-H conditions and a spin-locking
pulse of 10 ms.

All experiments were performed at amagnetic field of approximately
1740G and an alignment of the external field in respect to theNV axis to
better than 1°. TheMWwas applied to the NV through an electroplated
stripline on diamond. The attenuation of this stripline was frequency-
dependent, such that the amplitude of the MW during PulsePol was
corrected up to a deviation of the Rabi frequency of < ±5%. Potential
depolarization effects in the case of severely detuned pulseswere checked
and found to be negligible (see the Supplementary Materials).

Polarization of molecules via shallow NV centers: To simulate the
surface NV ensemble interacting with diffusing spins, we performed
the following. The quantum system to be simulated comprised the elec-
tron spin of an NV center and multiple nuclear spins. The parallel and
perpendicular coupling constants describing the NV spin interaction
were obtained numerically by simulating the diffusion of the 1200most
strongly coupled spins, which accounts for two-thirds of the total cou-
pling strength. We simulated 100 different NV spin systems with (2p)
20-MHz SD in the NV resonance frequency to account for the broad
linewidth. During evolution under PulsePol, the entanglement between
the different constituents was limited and can therefore be simulated
efficiently via tensor-network methods. We exploited the TEBD
algorithm (39) to perform the final simulations (Fig. 4C).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/8/eaat8978/DC1
Supplementary Text
Section S1. Hamiltonian of the system
Section S2. Effective Hamiltonian of PulsePol
Section S3. Error robustness
Section S4. Finite pulses
Section S5. Composite pulses
Section S6. Effect of phase errors
Section S7. Hamiltonian with NV centers in nanodiamonds
Section S8. Depolarization behavior
Section S9. Simulation parameters for shallow NV centers
Fig. S1. MW pulse sequence for pulsed polarization transfer.
Fig. S2. Error resistance of PulsePol by using composite pulses.
Fig. S3. Effect of phase errors.
Fig. S4. Error resistance of PulsePol versus the resonance shift.
Fig. S5. Comparison between simulation results and experimental data of polarization buildup
and depolarization.
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Supplementary Information

We consider a system of a single electron spin ~S (S = 1
2 ) coupled to N nuclear spins ~I(n) (spin-1/2). The System

is described by the Hamiltonian

H = ωSSz +
N∑

n=1
ωII

(n)
z +

N∑

n=1

~SA~I(n) + 2Ω(t)Sx cos(ωMW t+ ϕ) (1)

where ωS(ωI) denotes the electron (nuclear) Larmor frequency, A the hyperfine coupling tensor describing the
interaction between electron and nuclear spins resulting from the magnetic dipole-dipole coupling, ωMW the microwave
frequency, ϕ the microwave phase, and the Rabi frequency Ω(t) has the value Ω0 when the microwave is on, and 0
otherwise.
In a rotating frame with respect to ωSSz and after applying the secular approximation, the Hamiltonian is

Hint = ∆Sz +
N∑

n=1
ωII

(n)
z +

N∑

n=1
Sz ~A~I(n) + Ω(t)(Sx cosϕ+ Sy sinϕ) (2)

with ∆ = ωS −ωMW denoting the detuning between the MW and electron Larmor frequency. In a nuclear spin basis
such that Ay = 0 we obtain the basic Hamiltonian:

Hint = ∆Sz +
N∑

n=1
ωII

(n)
z +

N∑

n=1
Sz

(
AxI

(n)
x +AzI

(n)
z

)
+ Ω(t)(Sx cosϕ+ Sy sinϕ) (3)

According to this Hamiltonian, the free evolution operator for a time τ is

Ufree(τ) = exp
(
−iτ

(
∆Sz +

N∑

n=1
ωII

(n)
z +

N∑

n=1
Sz

(
AxI

(n)
x +AzI

(n)
z

)))

= exp
(
−iτ

(
N∑

n=1
ωII

(n)
z +

N∑

n=1
Sz

(
AxI

(n)
x +AzI

(n)
z

)))
exp (−iτ∆Sz) (4)

where the last equality holds as the ∆Sz term commutes with the other terms in the exponent.
The pulses have an additional Rabi term and are described by

Uφ,±X/±Y = exp
(
−i φΩ0

(
∆Sz +

N∑

n=1
ωII

(n)
z +

N∑

n=1
Sz

(
AxI

(n)
x +AzI

(n)
z ± Ω0SX/Y

)))
(5)

As it is difficult to understand the dynamics from this description, the next section uses a model with only one nuclear
spin to derive an effective Hamiltonian.

The PulsePol sequence as shown in the text is given by
[(π

2

)
Y

τ/4
−−− (π)X

τ/4
−−−

(π
2

)
Y

(π
2

)
−X

τ/4
−−− (π)Y

τ/4
−−−

(π
2

)
−X

]2N

(6)

where (φ)X,±Y denote pulses around the X-/Y-axis with duration t′ = φ/Ω and phase ϕ = 0,±π/2 and
τ/4
−−− denotes

a free evolution for a time τ/4, which depends on the nuclear Larmor frequency. The basic sequence block is repeated
2N times, where N is a positive integer.

Section S1. Hamiltonian of the system

Section S2. Effective Hamiltonian of PulsePol
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(a) Schematics of the MW pulse sequence on the electron
spin for pulsed polarisation transfer to nuclear spins. Blue bars denote Y pulses and orange ones X or -X pulses. The sequence
alternates between four sections. (b) The values of the modulation functions for the sections are f1(t) ∼ cos(3πt/τ − π/4)
and f2(t) ∼ − sin(3πt/τ − π/4) for Sx and Sy (blue), and their dominant Fourier component (orange) (c) The pulse
sequence produces 4 distinct sections, each with an effective Hamiltonian in the rotating frame. The combination of a basis
change for the electron spin in each section with the π/2 phase shift in the modulation function leads to the effective average
Hamiltonian SxIx + SyIy = 1/2(S+I− + S−I+) which produces the polarisation transfer between electron spin and nuclei.

Here we express the spin operators in terms of the Pauli matrices σi (i ∈ {x, y, z}): Si = 1
2σi. According the

PulsePol sequence in Eq. (6), by using Uπ
2 ,X



σx
σy
σz


Uπ

2 ,-X =



σx
σz
−σy


 and Uπ

2 ,Y



σx
σy
σz


Uπ

2 ,-Y =



−σz
σy
σx


, one can

rewrite the evolution as

Ucycle = U τ
4 ,-YU

τ
4 ,YU

τ
4 ,-XU

τ
4 ,XU

τ
4 ,YU

τ
4 ,-YU

τ
4 ,XU

τ
4 ,-X (7)

where

Uτ,±X/±Y = exp
(
−i

N∑

n=1
τ
(
ωII

(n)
z ± Sx/y(AxI(n)

x +AzI
(n)
z )

))
(8)

This means the evolution can be expressed with an effective Hamiltonian

H
(1)
eff =

N∑

n=1
ωII

(n)
z + (−f1(t)Sx − f2(t)Sy)(AxI(n)

x +AzI
(n)
z ) (9)

The functions f1/2 and how they emerge from the sequence are shown in figure S1. They can be expressed as
Fourier series

f1(t+ k · 2τ) =





1, for 0τ 6 t 6 τ/4, 5τ/4 6 t 6 3τ/2
−1, for τ/4 6 t 6 τ/2, τ 6 t 6 5τ/4
0, otherwise

=
∞∑

n=0
a(1)
n cos πnt

τ
+ b(1)

n sin πnt
τ

(10)

and

f2(t+ k · 2τ) = f1

(
t− τ

2

)
=
∞∑

n=0
a(2)
n cos πnt

τ
+ b(2)

n sin πnt
τ

(11)

Fig. S1. MW pulse sequence for pulsed polarization transfer.



The Fourier coefficients can be calculated as

a(1)
n = 2

2τ

8τ∫

0

f1(t) cos πnt
τ

= 1
πn

1− (−1)n
2

[
4 sin πn4 − 2 sin πn2

]
(12)

This expression equals 0 for every even value of n, the same holds for

b(1)
n = 2

2τ

8τ∫

0

f1(t) sin πnt
τ

= 1
πn

1− (−1)n
2

[
−4 sin πn4 + 2

]
(13)

Due to the shift in the modulation functions 11 we get similar coefficients for f2, |a(2)
n | = |b(1)

n | and |b(2)
n | = |a(1)

n |.
Notice that a(1)

1 = −b(1)
1 = 2

π

(√
2− 1

)
and a(1)

3 = b
(1)
3 = 2

3π
(√

2 + 1
)

result in |a(1)
3 | ≈ 1.94 |a(1)

1 |, which is the reason
we choose the third order, namely a(1)

3 and b(1)
3 . The related Fourier terms corresponding to a(1)

3 and b(1)
3 are plotted

in the upper figure S1. This is achieved by choosing

τ = 3 π
ωI

(14)

In a rotating frame with respect to ωIIz, discarding all fast-rotating terms, we get

Havg = −
N∑

n=1

Ax
2 a

(1)
3

(
SxI

(n)
x + SyI

(n)
x − SxI(n)

y + SyI
(n)
y

)

= −
N∑

n=1

Ax
4 α

(
S̃−I

(n)
+ + S̃+I

(n)
−
)

(15)

with α =
√
a

(1)
3 + b

(1)
3 = 2

3π (2 +
√

2). The basis change resulting from S̃x = (Sx + Sy)
√

2 and S̃y = (−Sx + Sy)
√

2
does not affect the polarisation dynamics as only the x-y-plane is rotated and the z-axis remains.

As a robust polarisation sequence PulsePol should meet the following criteria (i)-(iii) from the main text:
(i) It produces both Sx and Sy terms in the effective Hamiltonian with the modulation functions f1(t), f2(t), preferably
by producing the phase change f2(t) = f1(t+ π/2).
(ii) The detuning errors accumulated during the free evolution need to be cancelled and preferably also decoupled
from unwanted noise and fluctuations.
(iii) as pulses are not perfect, i.e. of a finite length and with detuning and Rabi frequency errors, the polarisation
sequence should cancel such errors at least to the first order.
As criterion (i) is fulfilled as already shown in the previous section, we present the detailed proofs of the other criteria
(ii) and (iii) as follows.
Criterion (ii), the cancellation of detuning errors accumulated during the free evolution, follows from the
anti-commutation relation of Pauli matrices [σx/y, σz]+ = 0. This relation can be used to derive the property
exp (−iτ∆Sz)Sx/y = Sx/y exp (+iτ∆Sz) . As the ∆Sz term commutes with the rest of the free evolution, one can
see the cancellation of the detuning errors accumulated during the free evolution around every perfect π pulse in the
evolution operator with the help of (4)

Ufree(τ)Uπ,X/YUfree(τ) = Ufree(τ)2Sx/yUfree(τ) (16)
= e−iτ(ωI+SzAxIx)e−iτ∆Sz2Sx/ye−iτ∆Sze−iτ(ωI+SzAxIx) (17)
= Ufree,∆=0(τ)Uπ,X/YUfree,∆=0(τ). (18)

The cancellation happens in every part of the sequence, leading to complete cancellation of detuning errors for
perfect pulses. This means that improving the pulses also corrects errors accumulated during the free evolution.

Section S3. Error robustness 



For criterion (iii), the cancellation of pulse errors to 1st order, is fulfilled. Including a Rabi frequency error
δΩ = Ω0 − Ω̃0, the pulses with errors take the form

Uθ,±X/Y = exp
(
−i θΩ

(
±Ω̃Sx/y + ∆Sz

))
(19)

Introducing the definitions ∆
Ω ≡ εk1 and ˜Ω

Ω = 1− δΩ
Ω ≡ 1 + εk2, it is straightforward to show that in the evolution

operator of one sequence block, neglecting the nuclear spins, the detuning and Rabi errors have an overall effect of

Uπ/2,−XUπ,Y Uπ/2,−XUπ/2,Y Uπ,XUπ/2,Y Uπ/2,−XUπ,Y Uπ/2,−XUπ/2,Y Uπ,XUπ/2,Y (20)
= −(1 + ε2k2

1(−2iσz) + ε3k2
1k22πiσz) +O(ε4) (21)

This means in the pulses Rabi errors are cancelled up to second order, detuning errors in first order. Note that
the second order in detuning errors is a z-rotation and can therefore be compensated with a tau-shift for a specific
detuning value, as shown for phase errors later. This completes the proof that the PulsePol sequence fulfills all of the
desired properties. Notice that the PulsePol sequence is not the only option but the best sequence found. It can be
derived as the simplest sequence fulfilling the above criteria (i)-(iii).
There are other possible sequences fulfilling the above properties, for example the PolXY sequence

(π
2

)
Y

[
τ/2
−−− (π)X

τ
−−− (π)Y

τ
−−− (π)X

τ
−−− (π)Y

τ/2
−−−

(π
2

)
X

τ
−−− (π)Y

τ
−−− (π)X

τ
−−− (π)Y

τ
−−−

(π
2

)
X

]N (π
2

)
−Y

(22)

with a resonance for τ = nπ/ωL, but PulsePol has the best properties concerning error stability. Furthermore PolXY
and other sequences showed an undesired depolarisation behaviour for detuning values close to the Rabi frequency,
which is significantly reduced for PolsePol as shown in section S8.
A sequence which has almost identical behaviour to PulsePol is

[(π
2

)
Y

τ/4
−−− (π)Y

τ/4
−−−

(π
2

)
−Y

(π
2

)
X

τ/4
−−− (π)X

τ/4
−−−

(π
2

)
−X

]2N

(23)

Combining this with the actual PulsePol sequence leads to

[[(π
2

)
Y

τ/4
−−− (π)X

τ/4
−−−

(π
2

)
Y

(π
2

)
−X

τ/4
−−− (π)Y

τ/4
−−−

(π
2

)
−X

]2

[(π
2

)
Y

τ/4
−−− (π)Y

τ/4
−−−

(π
2

)
−Y

(π
2

)
X

τ/4
−−− (π)X

τ/4
−−−

(π
2

)
−X

]2]N
(24)

which behaves as PulsePol, but here no oscillations for changing detuning values are present.
The latter two sequences and PulsePol itself can be derived with the following steps:

1. Criterion (i) suggests that the modulation functions of such a sequence of length 2τ consists of four different
parts, f1(t) = 0 in the second and fourth part represents a specific basis choice and f2(t) = f1 (t− τ/2) represents
the correct phase difference.

2. As detuning errors need to be cancelled according to criterion (ii), a relation similar to (16) needs to be fulfilled,
i.e. the sequence must consist of blocks like

t
−−− (π)Φ

t
−−−. This, combined with 1., immediately leads to the

modulation functions in figure S1(b).

3. The basis changes, criterion (i), require π/2-pulses before and after these blocks, the error cancellation (iii)
determines the form to be

(
π
2
)
±Y

t
−−− (π)Y

t
−−−

(
π
2
)
∓Y or

(
π
2
)
±X

t
−−− (π)Y

t
−−−

(
π
2
)
±X up to rotations and

basis changes.

This leads to the PulsePol sequence (6) and other options like (23), (24).



In section S2 pulses were assumed to be perfect. With a finite Rabi frequency they also take a finite time, during
which all parts of the system evolve, increasing the total time needed for every sequence block. In order to compensate
that, the evolution times need to be reduced. As a block contains free evolutions lasting 2τ , eight π/2-pulses and four
π-pulses, the free evolution time is

τ = π

ωI
× n− 4

2 tπ −
8
2 tπ/2 (25)

where tπ and tπ/2 denote the time needed for π- and π/2-pulses. In case of simple pulses, the expression reduces to

τ = π

ωI
× n− 4

2
π

Ω0
− 8

2
π

2Ω0
= π

ωI
× n− 4 π

Ω0
(26)

In case of different pulses like in section S5, the correction term changes with the pulse times. In all cases it is
important that the pulses do not reduce the free evolution time by a significant amount, simulations show that the
pulse time should be less than 20% of the free evolution time. To reach this regime even for long pulses, the parameter
n can be increased as described in the previous section.

The stability with respect to both detuning and Rabi frequency errors can be increased with composite pulses,
which are designed to correct those errors within the pulses. As our main goal is to get reliable polarisation transfer
for a wide range of detunings, we focus on the correction of detuning errors over Rabi frequency errors here.
In the numerical simulations we used different sequences described in (18). Best results were achieved with the
pulses

90 = 16 300 266 54 266 300 16 (27)

for π/2 pulses and

180 = 325 263 56 263 325 (28)

for π pulses.
The composite pulses mentioned above rotate around angles of 1218/180×π and 1232/180×π, respectively, which
means according to equation (25) that for PulsePol

τ = π

ωI
× l −

(
21232

180 + 41218
180

)
π

Ω0
(29)

The resulting error robustness is shown in figure S2. The composite pulses allow for significantly larger detuning
(For Ω = 50 MHz more than ±40 MHz) than in case of shorter pulses considered. The results aren’t improved by
choosing even longer composite pulses, because the pulse duration should not take a large fraction of the free evolution
time.

In figure S3 one can see the analytically calculated (first order) and the simulated dependence of the shift in
resonance depending on a phase error α: In the PulsePol sequence, we assume every π/2 pulse that follows another
pulse without a free evolution in between has a shifted phase

[(π
2

)
Y

τ/4
−−− (π)X

τ/4
−−−

(π
2

)
Y

(π
2

)
−X

τ/4
−−− (π)Y

τ/4
−−−

(π
2

)
−X

]2N

(30)

where Y = Y cosα−X sinα and −X = −X cosα+ Y sinα.

Section S4. Finite pulses  

Section S5. Composite pulses

Section S6. Effect of phase errors



Error-resistance (polarisation transfer vs. ∆ and
δΩ/Ω0) for PulsePol with composite pulses, parameters as in Fig.2c in the main text: ωI = 2 MHz, Ax = 0.03 MHz
and Ω0 = 50 MHz. Here the l = 5 resonance was used.
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Simulated and calculated (red line, first order) dependence of the resonance shift on the
error α. A high function value (yellow) indicated that the protocol works well for the corresponding parameters.

This description has the same effect as standard phase errors, we choose it as in the experiment the shift in resonance
condition originates from this effect. For τ = 0 in first order of α, the overall effect of this on the NV is described by

(Uπ/2,−XUπ,Y Uπ/2,−XUπ/2,Y Uπ,XUπ/2,Y )2 (31)

=
(
Uπ/2,−XUπ,Y

(
Uπ/2,−X + α√

2
Uπ,Y

)
Uπ/2,Y Uπ,X

(
Uπ/2,Y + α√

2
Uπ,−X

))2
+O(α)2 (32)

= exp (−4iαSz) +O(α)2 (33)

This means the NV basis is rotated by −2α in the x-y-plane during the time 2τ . After a rotation of −π, the

Fig. S2. Error resistance of PulsePol by using composite pulses. 

Fig. S3. Effect of phase errors. 



modulation functions are inverted. This corresponds to a shift of half a period in the modulation functions, which
corresponds to a time

∆T = 1
2n2τ (34)

where n is the (odd) resonance condition chosen.
Assuming the sequence needs M cycles for a π shift, we can determine the relation between the resonance shift and
the phase error

∆T/T
α

= τ/n× 1/(2τM)
π/(4M) = 2

πn
(35)

The corresponding line is plotted in figure S3 for n = 3. Especially around α = 0, where higher orders are negligible,
it fits the simulation very well.
Note that this is a continuous process of shifting the modulation functions and therefore has a direction as the
modulation functions are shifted by π/2. For n = 5 the shift is in the opposite direction compared to n = 3. For
normal XY-sequences such a shift cannot induce a resonance shift, as only one modulation function does not allow
for a direction.
The major advantage of inducing such a resonance shift is that it allows to delete noise terms in the effective
evolution. Assuming an effective Hamiltonian

Heff = ωIIz +AxSeffIx (36)

where

Seff = f1(t) (Sx + ε1Sy + ε2Sz) + f2(t) (Sy + ε3Sx + ε4Sz) (37)

the errors ε1/3 would only slightly inhibit polarisation transfer, but the errors ε2/4 have a considerable impact.
The shift in τ shifts the frequency of f1/2 from the resonance and therefore decouples Sz terms from the effective
evolution. Only Sx/y terms remain at the original resonance due to the rotation induced by α. Figure S4 shows that
for ∆T/T ≈ 2.5% a considerably better resistance to Rabi and Detuning errors is achieved. The values result from
an integration over heatmaps like in figure 2c in the main text (with a larger parameter space). Note that everything
described in this section is independent of the nuclear spin bath and therefore the resonance shift is equal for all NV
centres in an ensemble.
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We apply a strong magnetic field γe B � D along the z direction of laboratory frame of reference for the following
technical reasons. (i) The time of the polarization built-up cycle is limited by the NV T2, and the T2 of the NV center
is prolonged due to better dynamical decoupling at higher magnetic fields. (ii) Large magnetic fields result in longer
13C T1 relaxation times for polarization built-up. (iii) When γeB � D with γe the gyromagnetic ratio, one has a
uniform laboratory frame of reference (along the direction of the strong magnetic field) for different orientations of
the NV center.
There is however a technical limit on going to very high fields (> 2T) as higher MW power is required, which is
more difficult to realize experimentally. PulsePol can still be used at higher magnetic fields even if the MW power is
limited by matching the time between the pulses to a higher harmonic of the nuclear Larmor as shown in Eq. (3) in
main text, albeit at a tradeoff to the polarization efficiency.
In the strong magnetic field limit, the Hamiltonian can be written as

H = DS2
z̃ + ωSSz + ωIIz + ~SA~I + 2Ω3(t)Sx cos(ωMW t+ ϕ) (38)

in which the zero-field splitting term is based on the NV orientation z̃, which transforms as

Sz̃ = Sz cos θ + Sx sin θ cosφ+ Sy sin θ sinφ (39)

Here θ is the polar angle between the magnetic field and NV orientation, and φ is the azimuthal angle. Going to the
rotating frame with respect to ωMWSz, we have

H = D
(
cos2 θS2

z + sin2 θS2
x

)
+ (ωS − ωMW )Sz + ωIIz + Sz ~A~I + Ω3(t)(Sx cosϕ+ Sy sinϕ) (40)

The MW pulses are applied to drive the transition of two levels near resonantly (i.e., ms = 0 and ms = −1), and
the third level is not affected due to large frequency difference. Therefore, the NV centers in nanodiamonds can be
simplified to two-level systems, and the Hamiltonian of NV centers interacting with nuclear spins can be simplified to
be Eq. (3) with ∆ = ωS − ωMW +D(θ) in which

D(θ) = D

(
cos2 θ + 1

2 sin2 θ − sin2 θ

)
= D

(
1− 3

2 sin2 θ

)
= D

4 (1 + 3 cos(2θ)) (41)

and the MW Rabi frequency is Ω(t) = 1/
√

2Ω3(t).

The numerical results that are compared with experimental data in figure 3 in the main text were obtained by
smoothing the actual data that were oscillating fast due to resonances of the free evolution detuning term. Figure
S5 also shows the unsmoothed data. For macroscopic polarisation buildup in all applications of interest not only
the transfer efficiency is relevant, but also that the transfer is not reversed for other detuning values. Thanks to the
implementation of phase errors (see section S6) PulsePol does not destroy a significant amount of polarisation for any
detuning when applied in the other direction, i.e. to further polarise an already polarised bath. This is confirmed by
the blue data in figure S5 with theoretical simulations and experimentally with PROPI by reversing the polarisation
direction.

Section S7. Hamiltonian with NV centers in nanodiamonds 

Section S8. Depolarization behavior 
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Simulation results (left: raw data, right: smoothed) compared to the experimental data for polarisation buildup (red)
and depolarization (blue).

ec

Here we provide details about the numerical simulations performed to obtain the results of (Fig. 4c) of the main
text. 1200 most strongly coupled spins are included in the simulations as these spins account for two thirds of the
total coupling strength between the NVs and the whole spin bath. We simulate 100 independent baths of nuclear
spins interacting with shallow NV centers that are placed 3 nm below the surface of a bulk diamond. The nuclear
spins are assumed to be uniformly and randomly oriented in space. The position of the spins is assumed to be
random initially and then a diffusion process is simulated to calculate their positions evolving over time with diffusion
coefficients D = 1.4/2.8 × 10−12m2/s (blue dotted/red dashed curve in Fig. 4c). A magnetic field of strength 0.047
Tesla aligned with the NV crystal axis is applied. The couplings between the NV and the nuclear spins are calculated
for different values of time based on their distance from and orientation with respect to the NV center. The NV-center
transition frequencies are drawn from a Gaussian distribution with (2π)20 MHz width. The Rabi frequency is taken
as (2π)50 MHz and the nuclear Larmor frequency is (2π)2 MHz.
During evolution under PulsePol, the entanglement between the different constituents is limited so the state of the
NV and the spins can be efficiently represented by a matrix product state (MPS). The time evolution is simulated
using the time-evolution via block decimation (TEBD) algorithm on the MPS representation. Owing to the robustness
to protocol to the frequency fluctuation, the NV centers effect a high degree of nuclear polarization in the spin bath
as depicted in (Fig. 4c).

Fig. S5. Comparison between simulation results and experimental data of polarization buildup and depolarization.
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ABSTRACT: Efficient polarization of organic molecules is of extraordinary
relevance when performing nuclear magnetic resonance (NMR) and imaging.
Commercially available routes to dynamical nuclear polarization (DNP) work
at extremely low temperatures, relying on the solidification of organic samples
and thus bringing the molecules out of their ambient thermal conditions. In
this work, we investigate polarization transfer from optically pumped nitrogen
vacancy centers in diamond to external molecules at room temperature. This
polarization transfer is described by both an extensive analytical analysis and
numerical simulations based on spin bath bosonization and is supported by
experimental data in excellent agreement. These results set the route to
hyperpolarization of diffusive molecules in different scenarios and consequently, due to an increased signal, to high-resolution
NMR.

KEYWORDS: Nitrogen vacancy center, hyperpolarization, dynamic nuclear polarization, diamond, spin qubit

Nuclear magnetic resonance (NMR) is a fundamental tool
in the biomedical sciences.1,2 As the sensitivity of NMR is

proportional to the sample polarization, hyperpolarized
samples, where the population difference between nuclear
spins exceeds significantly its thermal value, are desirable for
achieving a higher NMR signal. One of the promising methods
achieving such a hyperpolarization is dynamic nuclear polar-
ization (DNP) in which a polarized electron spin transfers its
polarization to a nuclear bath via dipolar coupling. While
currently commercially available techniques require cryogenic
temperatures to polarize the electron spins, we take a different
route based on optical polarization of nitrogen vacancy (NV)
centers in diamonds at room temperature.
NV centers are negatively charged paramagnetic defects in

diamond with an unpaired electronic spin triplet in their
ground state.3 These color centers can be significantly polarized
(exceeding 92%) by optical pumping without the need for low
temperatures nor high magnetic fields.4 This polarization
process can be achieved in less than a microsecond, while the
NV center relaxation time can be in the order of milliseconds.
Furthermore, the highly polarized NV center electron spins can
be brought into resonance with adjacent nuclear spins, making
them great candidates for DNP.
A special interest over the last years has been paid to

hyperpolarization of molecules in solution.5−9 Due to the
molecular motion and short correlation times in fluids, the

anisotropic interaction between the electron and the target
spins averages out. Consequently, cross-relaxation mechanisms
are commonly used in polarization of liquids at ambient
conditions since common methods developed for DNP of
stationary spins such as the solid effect10,11 are less efficient.
In this work, we demonstrate that polarization loss from a

single shallow implanted NV center can be understood as the
result of polarization transfer to 1H nuclei in surrounding oil
molecules. As the NV center is several nanometers away from
the diffusing molecules and oil exhibits a high viscosity at room
temperature, the nuclei diffuse in and out of the NV center
interaction region in a time scale comparable with the
interaction strength. This results in an increase of the
polarization rate enabling resonant transfer.6 We use the
Hartmann−Hahn double resonance (HHDR) scheme,12 where
the electron spin is driven with a Rabi frequency that matches
the Larmor frequency of diffusive nuclei. Consequently, the
interaction between the NV center and the 1H nuclei is
strengthened, while the effects of noise sources on the NV
center are weakened. Thus, the HHDR scheme serves as a
continuous dynamical decoupling (CDD) protocol,13−21

allowing us to polarize the specified nuclear species efficiently.
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In fact, HHDR has been used to successfully hyperpolarize
nuclear spins inside diamond.22−24 Also, our method is limited
by the relaxation time in the rotating frame, T1ρ, (finding its
origin in T2 processes in the nonrotating frame), in contrast to
recently proposed microwave-free protocols that are highly
affected by the much shorter dephasing time T2*.

25

This Letter is organized as follows: First, the Hamiltonian
describing the interaction between one electronic (NV) spin
and a bath of N diffusive nuclear spins is presented. We then
derive an analytical solution for the polarization loss of the NV
center. In order to compare the theoretical prediction to a
robust numerical simulation and due to the fact that large spin
baths can not be fully simulated, we use the Holstein−
Primakoff approximation (HPA),26 which considers spins as
bosons, allowing us to perform an efficient numerical
implementation. Finally, we validate our theoretical findings,
carried out with no free parameters, by performing experiments
with two different shallow NV centers coupled to oil molecules.
Theory and experiment show an excellent agreement and,
therefore, support that polarization loss of the NV center in one
single cycle is best explained by polarization transfer to oil at
room temperature.
Our system consists of a shallow NV center in bulk diamond

located at a distance, z0, underneath the diamond surface.
Immersion oil containing the 1H nuclei is deposited onto the
surface. The setup is depicted in Figure 1. At room
temperature, the oil molecules diffuse with the diffusion
coefficient oil, which results in a finite correlation time, τc,

for the electron−nuclear spin interaction. (See the Supporting
Information and refs 27 and 28.)
In solid samples at HHDR, flip−flop transitions (polarization

transfer) between electron and nuclear spins predominate over
flip−flip processes (depolarization), which are energetically
forbidden, thus generating a net polarization transfer at weak
coupling. For liquid samples, however, the transfer efficiency is
mainly determined by a parameter χ ≡ ωN τc (Supporting
Information and ref 6), with ωN, the Larmor frequency of the
nuclei in diffusion. For χ ≪ 1, as is typical for strongly diffusing
molecules, such as water, the effective interaction time is
shorter than ωN

−1. In this regime, the imbalance between flip−
flip and flip−flop transitions is suppressed, even on resonance,
so no net polarization is achieved. However, as the NV center is
several nm apart from the diffusing molecules and as the oil
possesses a high viscosity at room temperature
( μ≈ −0.5 nm soil

2 1), the resulting correlation time is large,
making χ ≫ 1, for shallow NV centers (z0 ≈ 3−5 nm).
Therefore, once the HHDR condition is achieved, flip−flip
transitions are suppressed by fast rotations so that, in the
presence of flip−flop transitions, an efficient polarization
transfer from the electronic spin to the 1H nuclei is expected.
The same argument applies to other nonsecular terms apart
from flip−flip.
In order to model the described system, we consider a single

NV center, electronic spin−1, interacting with N diffusive
nuclear spins−1/2. In the secular approximation,22 this
interaction is described by Hint = IZ

NV ∑i A
i(t) Ii, where INV

is the spin−1 operator of the NV center, with projections ms =
0, ±1, Ii is the spin operator of the ith nucleus and Ai(t) is the
hyperfine vector between them (Supporting Information). The
NV center is driven by a microwave field with Rabi frequency Ω
resonant with the ms = 0 → ms = −1 transition, creating an
effective two-level system. In the presence of an external
magnetic field B, the nuclear Larmor frequency is ωN = γN |B|,
with γN, the nuclear gyromagnetic ratio. The magnetic field
generated by the driven NV center perturbs the external field
acting on the nuclear spins; hence, ωN fluctuates due to this
effect. Polarization transfer occurs at the HHDR condition, Ω =

ωN. In the dressed-state basis, ±⟩ = ⟩ ± − ⟩( 0 1 )1
2

for the

NV center and assuming τc ωN ≫ 1 in our setup, we can
assume the rotating wave approximation to find the effective
Hamiltonian (ℏ = 1)

∑ ∑ω= Ω + + + *
= =

+ − − +H S I g t S I g t S I( ) ( )z
i

N

N z
i

i

N

i
i

i
i

1 1 (1)

with = +⟩⟨+ − −⟩⟨−S ( )z
1
2

and the coupling strength

≡ = +g t g t A t A tx( ( )) ( ) ( ( ) i ( ))i i i x
i

y
i1

4
, where xi(t) is the

relative position between the NV and the ith nucleus and
Aα
i (t) are the different components of the hyperfine vector

Ai(t). Note that gi(t) is a stochastic variable with a certain
correlation time, τc.
Indeed, over time intervals larger than τc, the system state

may be expressed as ⟨ρ⟩(t) = ⟨ρ⟩NV (t) ⊗ ρB, with

ρ = ⊗ = B i
N

1
1
2

the I thermal state of the nuclei, ⟨ρ⟩ the system

density matrix averaged over all stochastic trajectories of gi(t),
and ⟨ρ⟩NV the NV center density matrix. Within this
description, correlations among spins are neglected, which

Figure 1. Schematic setup for hyperpolarization of oil molecules with
shallow NV centers in bulk diamond and important parameters. (a)
The NV center is located at a distance, z0, beneath the diamond
surface. The quantization axis of the NV center coincides with the
[1,1,1] direction inside the diamond lattice. The oil is deposited on
top of the diamond. The 1H spins in the oil molecules move
stochastically with a diffusion coefficient oil, by means of this motion
they diffuse in and out the detection volume (blue semisphere). Only
the N spins inside the volume (in green) are considered, while the
interaction with outer spins (in gray) is neglected. (b) Spin-locking
sequence applied to measure the NV center polarization loss. The NV
center is initially polarized and read-out using a green-laser pulse.
During the microwave driving time, t, the NV center interacts with the
nuclear spins. (c) Energy levels of the NV center. In the absence of the
magnetic field, the NV center is a spin−1 system with projections ms =
0, ±1. Degeneracy between ms = ±1 levels is lifted by applying an
external magnetic field, B, parallel to the NV center axis. The transition
between ms = 0 and ms = −1 is driven with a microwave field inducing
a Rabi frequency, Ω, which matches the nuclear Larmor frequency, ωN
= γNB, permitting polarization transfer.
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allows us to obtain for the average NV center population,
ρ⟨ ⟩ = + ⟨ ⟩n STr( )z

1
2 NV , the dynamical equation

γ γ⟨ ⟩̇ + ⟨ ⟩ = ⟨ ⟩n N t n N t n
1
4

( )
1
4

( ) B (2)

where we define γ(t) = ∫ 0
t ⟨ξα

i (t′)ξαi (0)⟩dt′, ξαi (t) = Aα
i (t) −

⟨Aα
i (t)⟩ and ⟨n⟩B is the average nuclear population, which is

⟨n⟩B = 1/2 for the thermal bath. Eq 2 reflects a net incoherent
polarization transfer toward the nuclear reservoir.
The description of Aα

i (t) as a stochastic variable is not trivial.
Even if the nuclei undergo thermal random motion, which is
Gaussian and thus easy to characterize, the intricate depend-
ence of Aα

i (t) on the relative position between the NV center
and nuclei makes Aα

i (t) itself not a Gaussian variable.
Consequently, the derivation of a close analytic solution for
⟨Aα

i ⟩ or γ is not straightforward. Instead, a full analytical
description of the polarization evolution may be derived when
assuming Aα

i (t) is such that (i) its higher order cumulants are
negligible compared to its mean and variance. (ii) The
correlation decays exponentially, then γ(t) = σ2τc (1 −
exp(−t/τc)), with σ2 the variance of Aα

i (t). Note that we have
dropped α and i since, for homogeneous diffusion, all nuclei
have equal average properties. These two assumptions have
been numerically tested (Supporting Information). With these
considerations, the solution of eq 2 is

τ σ τ⟨ ⟩ = + − − τ−⎜ ⎟⎛
⎝

⎞
⎠n N t

1
2

1
2

exp
1
4

(1 / e )c c
t2 2 / c

(3)

For t ≪ τc, ⟨n⟩ shows a Gaussian decay with a polarization rate

σN1
8

2 . On the other hand, for t ≫ τc, we find ⟨n⟩ exhibits an

exponential behavior with a rate σ τN c
1
4

2 . Eqs 2 and 3 are only

valid for times such that N ⟨ξα
i3⟩τc

2 ≪ t−1 and N ⟨g⟩2 τc ≪ t−1.
(Note that, for non-Gaussian variables, the third moment does
not vanish; see the Supporting Information.) The derived
equations describe the polarization dynamics of the system and
do not include T1ρ relaxation. For a discussion of the latter, see
the Supporting Information.
Aiming to reinforce our theoretical findings and since exact

computational simulations of large spin systems are not
possible, we perform simulations based on Gaussian states to
compute the dynamical evolution of a system ruled by eq 1.
Specifically, we make use of the Holstein−Primakoff approx-
imation (HPA)26 representing a polarized spin as a boson in its
ground state. In the lowest order of the approximation, the spin
operators are substituted by bosonic operators, S− → a. This
approximation holds for highly polarized spins, while for spins
in its thermal state it offers a lower bound to the polarization
dynamics.29 The bosonic Hamiltonian is then obtained from eq
1 as

∑ ∑ω= Ω + + + *†

=

†

=

† †H a a b b g a b g ab
i

N

N i i
i

N

i i i i
1 1 (4)

which is quadratic in the operators {a,a†,bi,bi
†}, allowing an

efficient numerical simulation describing the dynamical
evolution via the covariance matrix. (See the Supporting
Information and refs 30 and 31.)
The full numerical simulation is performed considering N

independently moving nuclei in a finite box with periodic
boundary conditions. The box represents the detection volume
of the NV center, and its length is proportional to the NV

center depth.27,32 When a nucleus crosses the box walls, it is
substituted by a nucleus from the reservoir, thus losing its
correlation with the NV center and the rest of spins. Each
particle describes a 3-dimensional Brownian motion.33 Due to
the molecular motion, internuclear coupling among nuclei is
averaged out. Therefore, a specific molecular structure is not
relevant in the main dynamics. Rotations and vibrations of the
molecule are not considered in the simulations. Results
showing the agreement between the solution of eq 2 and a
full numerical simulation are depicted in Figure 2. We remark

that when using HPA, correlations among spins build up during
the time the nuclei are diffusing inside the box. As a
consequence, the presence of slowly moving nuclei in the
diamond vicinity may cause coherent polarization transfer; see
Figure 4. This feature is not captured in our theoretical
description, eq 2.
The polarization rate depends solely on N, σ2, and τc, which

are extensive parameters, which in turn depend on intensive
quantities, namely, ρoil, the proton density in oil, oil and z0.
Once ρ z{ , , }oil oil 0 are fixed, the polarization curve is obtained
directly by a numerical simulation, while the extensive
parameters may be calculated via a numerical integration
(Supporting Information) and then used as input for eq 3.
Therefore, our model is without free fitting parameters.
For an experimental verification of our model, the polar-

ization loss from two different NV centers was measured. It is
observed via the fluorescence of the NV center after a spin-
locking sequence matching the HHDR with the hydrogen
nuclear spins. First, a single NV is optically polarized using a
green laser (532 nm), followed by a MW π/2 pulse, which
rotates the NV’s electron spin phase-dependent to the |+⟩ or
|−⟩ state in an alternating manner. Then, a suitable microwave
field is applied in order to fulfill the HHDR condition. This
MW pulse is phase-shifted by 90° and hence performs a spin-
locking. During this period, the NV transfers its high
polarization to the environment. A final π/2 pulse projects
the NV center’s spin state back to the z-axis, where it can be
read-out optically. Depending on the occurrence of a spin flip, a
bright or dark fluorescence signal is observed. In order to
confirm the HHDR condition, one may perform the described
experiment varying the driving frequency of the spin-locking
pulse. The result of such a procedure is shown in Figure 3; it is

Figure 2. Comparison between theoretical predictions, eq 2 for a spin
system (lines), and full numerical simulations using the bosonic
approximation, eq 4 (markers) for different sample densities and fixed

oil and z0. For the theory curve, the values σ
2 and τc are calculated via

direct numerical integration.
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seen as the precise match of the dip in fluorescence at the
hydrogen Larmor frequency, ωN.

The 12C enriched diamond sample was grown by chemical
vapor deposition with a low concentration of impurities (12C >
99.999%; nitrogen isotopes ≈ 5 ppb). A 12C enriched diamond
ensures a clear interpretation of the data, since the signal does
not contain spurious noise from intrinsic 13C in diamond.34

These experiments would have been possible likewise with a
natural abundance 13C diamond. Nitrogen ions were implanted
with a low energy and dose (2.5 keV and 108 ions/cm2) such
that experiments can be performed with shallow NV centers
(here z0

1 = 3.2 ± 0.2 nm and z0
2 = 5.3 ± 0.1 nm35), ensuring

strong coupling with near-surface nuclei. Immersion oil (Fluka
Analytical 10976) is deposited on top of the diamond. A
magnetic field of 660 G is applied parallel to the NV center
quantization axis, resulting in a 1H Larmor frequency ωN/(2π)
= 2.8 MHz, where the effective field generated by the NV
center can be neglected. The Rabi frequency during the spin-
locking pulse is adjusted to be resonant with ωN, to allow
electron spin−nuclear spin flip−flop processes. The experi-
ments were performed on a home-built confocal microscope
controlled with the Qudi software suite.36

Figure 4 shows the comparison between the measured
polarization loss, which can be seen as change of the average
population ⟨n⟩, the full numerical simulation based on Gaussian
states, and the theoretical prediction from eq 3. In both cases,
we observe polarization loss in a time scale of the order of μs.
Off-resonant measurements reveal that environmental magnetic
noise affecting the NV center manifests in similar time scales.
These effects are included in our predictions by adding a
relaxation term to the master equation proportional to T1ρ

37

(Supporting Information).
The experimental data is well reproduced given the nominal

oil for the used immersion oil, the measured NV depth, the
proton density in oil at room temperature ρoil = 50 protons/
nm3, which is a typical value used for organic samples,32,38 and
the measured relaxation times, (T1ρ

1 = 11 μs, T1ρ
2 = 17 μs)

(Supporting Information). For this density, the number of
hydrogen spins in an interaction volume of 203 nm3, which is
taken as the volume of the simulation box, is N ≈ 4 · 105. (See
the Supporting Information for details on the simulation
technique.) Given the depths of the used NV centers (z0

1 = 3.2
nm, z0

2 = 5.3 nm) and the slow diffusion of the oil molecules
( μ= −0.5 nm soil

2 1), the correlation time was numerically
calculated (Supporting Information), obtaining τc

1 = 10 μs and
τc
2 = 25 μs, respectively. As stated, for χ ≫ 1, the flip−flop

dominates over flip−flip rate and other nonsecular terms

Figure 3. Population of a single NV center for different Rabi
frequencies, Ω, and corresponding fitting curve. When the electronic
spin is spin-locked with a driving field such that its Rabi frequency is
similar to the Larmor frequency of the 1H spins, ωN, polarization
transfer occurs giving origin to a pronounced dip in the spectrum.
Conversely, when the NV center is driven out of resonance, the
electronic spin solely suffers from T1ρ noise. {Shown data corresponds
to z0

2 = 5.3 nm, ωN/2π = 2.81 MHz, and spin-locking time t = 20 μs.
The error bars represent photon shot-noise (Supporting Informa-
tion).}

Figure 4.Measured polarization loss from two different NV centers compared with numerical and theoretical predictions. The qualitative behavior is
well predicted by both theory and full numerical simulation. The polarization interchanged dictated by eq 3 happens in the same time scale as
relaxation processes characterized by T1ρ. The polarization loss attributable solely to relaxation is plotted as an exponential curve (dotted line) with

rate T1ρ. In all curves, an initial decay determined by −t/T1ρ is followed by a exponential tail, with rate τσ +
ρ

⎜ ⎟
⎛
⎝

⎞
⎠N c T

1
4

2 1

1
. (a) Results for the shallower

NV center, z0
1 = 3.2 nm. After an initial decay, at t ≈ 25 μs, numerical simulations reveal a coherent interchange of polarization between the NV

center and slowly moving nuclei near the surface. This feature is not captured in our theoretical prediction. (b) Result for z0
2 = 5.3 nm. For a deeper

NV center, the polarization is better described by eq 3 with no traces of coherent transfer. {In the calculations, μ= −0.46 nm soil
2 1, ρoil = 50 spins/

nm3 have been used, which are directly estimated from the experimental conditions, together with the experimentally measured relaxation times T1ρ
1

= 11 μs and T1ρ
2 = 17 μs. The error bars represent photon shot-noise (Supporting Information).}
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(Supporting Information); hence, the latter does not produce a
significant effect.
Fast molecular motion effectively broadens the nuclear lines

for the HHDR condition; hence, it confers to our scheme a
certain robustness against frequency detunings when compared
to DNP in solid samples. Typical sources of these detunings are
fluctuations in the magnetic field or Rabi frequency errors. Also,
we have exclusively considered particles in free-diffusion, which
is an accurate description for molecules in bulk but may not
describe molecular motion at the oil−diamond interface
correctly. Nonetheless, as the majority of the nuclei inside
the interaction volume move, the most relevant features for
hyperpolarization protocols are well described solely by
diffusive particles; traces from slowly moving particles will be
seen only as secondary effects.
Indeed, as shown in Figure 4a, the electronic spin may

undergo a coherent polarization transfer with the nuclei that
diffuse in its immediate vicinity during the interrogation time, t.
This coherent oscillation is depleted by nuclear diffusion;
coherent effects would only dominate over net polarization
transfer when the position of the nuclei is stationary and no
diffusion takes place, that is, in rigid solids.
The good agreement between our model and the

experimental data supports the hypothesis that the NV
polarization loss in one single cycle mainly occurs due to
polarization transfer to the 1H nuclei and T1ρ relaxation.
Therefore, the amount of transferred polarization is just a

fraction of the total, α =
τ

τ + ρT

1 /

1 / 1 /
p

p 1
, where τ τσ≡− Np c

1 1
4

2 is

the polarization rate. In our setup, we obtain α ∼ 80% for both
NV centers, indicating that transfer is efficient. Still, the average

polarization gain per nuclei around the NV is α
N

1
2

1 , which is

very small for a large N. Thus, significant nuclear polarization
will only be achieved when the proposed protocol is repeated
many times. That is, the NV center must be periodically
reinitialized after a time τp.
Assuming a diamond sample with a moderate-high density of

NV centers, such that the NV centers do not interact among
them, a thin layer of oil of a few microns deposited onto its
surface and typical nuclear relaxation time T1n ≈ 1 s,39,40 the
maximum achievable polarization per nuclei may be roughly
estimated as Pn ≈ 10−3 (Supporting Information), which
exceeds by several orders of magnitude the thermal nuclear
polarization at this temperature and field Pn

Th ≈ 10−7. In
addition, other DNP methods for hyperpolarization in solution
and at room temperature, such as Overhauser DNP,41,42 bear a
theoretical limit for the maximum achievable polarization of Pn
≈ 10−4 (at B = 660 G), namely, 1 order of magnitude lower
than the one reported here.
Besides, writing the dependence of the polarization rate

explicitly as a function of the diffusion coefficient, proton

density, and NV depth, one obtains that ∝
τ

ρ

z
1

p

1H

0
(Supporting

Information). Thus, making it easy to estimate the polarization
rate for different solvents or NV samples.
In summary, we present a theoretical description of efficient

polarization transfer from a shallow NV center to diffusive
organic molecules above the diamond surface validated by
experiments with an excellent agreement. The experimental
results are explained qualitatively and quantitatively by both
theoretical work and numerical simulations. We remark that
our approach is easily extended to other scenarios such as

polarization of macromolecules in low diffusive environments
or polarization schemes using nanodiamonds. In fact, our
model does not depend on any free parameters, and thus the
polarization rate depends solely on the NV depth and the
diffusion properties of the solvent. Also, the dynamical behavior
at the liquid−solid interface may be examined with our
description. Due to the fast diffusion of the nuclei, the direct
detection of polarization remains a challenge that needs to be
addressed in future work. In this direction, similar setups along
with refine analysis techniques have been proved to make the
NV center a high sensitive NMR detector.43
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Hamiltonian Derivation

Our system consists of one electronic spin, the NV center, coupled to a set of N nuclear

1
2
−spins via dipole-dipole magnetic interaction. The general Hamiltonian for such a system

has the form (~ = 1)

H = ωsσz +
N∑

i=1

γNBIi +
∑

i

fi(ri(t))
[
σIi − 3 (σr̂i(t))

(
Iir̂i(t)

)]
, (1)

1



where ωs is the Zeeman splitting of the electronic spin, σ are the spin operators of the NV

spin, which is spin-1, γN is the gyromagnetic ratio of the nuclei, B is an external magnetic

field, Ii represent the spin operators of the nuclear spins, fi(ri(t)) ≡ µ0γeγN
4πr3i

, is the dipole-

dipole force strength which depends on the relative position between the NV center and the

i − th nucleus, ri, the gyromagnetic ratios of the electron and nuclear spins γe,γN and the

vacuum permeability µ0 , and r̂i is the unitary vector joining the NV center with the i− th

nuclear spin. Interactions between the nuclear spins have been neglected since their effects

are averaged out by the fast stochastic motion.

The nuclear spins move following a Brownian motion, which in turns make the dipole-

dipole interaction to be a stochastic variable with certain correlation time τc. In our set-up,

we consider that the particles move slowly enough such that ωsτc � 1 and γN |B|τc � 1. In

this regime, we can perform a secular approximation owning to the fact that ωs � γN |B|,

obtaining

H = ωsσz +
N∑

i=1

γNBIi + σz
∑

i

Ai (ri(t)) Ii. (2)

With Ai(ri(t)) = fi(ri(t)) (3x̂iẑi, 3ŷiẑi, 1− 3ẑ2
i ) the so-called hyperfine vector. If now a

resonant microwave field resonant with the NV ms = 0 → ms = −1 transition is applied,

HMW = Ωσx cos(ωst), the Hamiltonian in the frame rotating with ωs reads

H = ΩSz +
N∑

i

(
γNB− 1

2
Aiz(t)

)
Ii + Sx

∑

i

Ai (ri(t)) Ii. (3)

We have introduced S as the NV spin operator in the dressed state basis, Sz = 1
2

(|+〉 〈+| − |−〉 〈−|),

S+ = |+〉 〈−| and S− = S†+.

In the Hartmann-Hahn double resonance (HHDR) scheme, the Rabi frequency Ω is set

resonant with the nuclear Larmor frequency ωN ≡ γN |B|. Working with a high magnetic

field such that Ω, ωN � |Ai| ∀i, and given that ωNτc � 1 is also fulfilled in our set-up, we

neglect fast oscillating terms together with magnetic field misalignment caused by Aiz(t),

2



obtaining

H = ΩSz +
N∑

i

ωNI
i
z +

N∑

i

gi(t)S+I
i
− + gi(t)

∗S−I
i
+. (4)

with gi(t) = 1
4

(
Aix(t) + iAiy(t)

)
. This Hamiltonian corresponds to Eq.(1) in the main text.

Master Equation derivation

In this section we derive the master equation that describes the whole system and, in par-

ticular, the dynamical evolution of the NV polarization 〈n〉 (t) = 1
2

+ Tr (ρSz). In these

derivations we treat both classical and quantum noises for a multiparticle system, which

extends previous results in this field.1,2

In order to have a more complete description we start with a Hamiltonian that consists

of both flip-flop and flop-flop terms. For doing so, we rewrite the interaction Hamiltonian,

Hint =
∑N

i gi(t)S+I
i
−+ g∗i (t)S−I

i
+, in the interaction picture with respect to the energy part

Hω ≡ ΩSz +
∑

i ωNI
i
z, obtaining

H̃ ≡ e−iHωtHinte
iHωt =

N∑

i=1

gi(t)L
ie−i∆t + g∗i (t)L

i†ei∆t + gi(t)O
ie−iω′t + g∗i (t)O

i†eiω′t. (5)

Where Li ≡ S+I
i
−, Oi ≡ S+I

i
+ and ∆ = Ω − ωN , ω′ = Ω + ωN . For the sake of simplicity,

we set ∆ = 0, that is, we assume the HHDR condition is always fulfilled and thus, ω′ = 2Ω.

Next, this Hamiltonian may be split into a time-independent and a time-dependent stochastic

part as

3



H̃0(t) =
N∑

i=1

〈g〉Li + 〈g∗〉Li† + 〈g〉Oie−i2Ωt + 〈g∗〉Oi†ei2Ωt. (6)

H̃1(t) =
N∑

i=1

ξi(t)L
i + ξ∗i (t)L

i† + ξi(t)O
ie−i2Ωt + ξ∗i (t)O

i†ei2Ωt. (7)

Where 〈g〉 is the average of gi(t) over all possible stochastic trajectories and ξi(t) = gi(t)−

〈g〉 = 1
4
ξix(t) + i1

4
ξiy(t) are the stochastic fluctuations around the average, with ξiα(t) =

Aiα(t)− 〈Aiα〉. Note that for H̃0 we can neglect fast rotating terms obtaining

H̃0 ≈
N∑

i=1

〈g〉Li + 〈g∗〉Li†, (8)

which is a time independent Hamiltonian. The master equation, also in the interaction

picture with respect to Hω reads

∂

∂t
ρ̃ = Lρ̃ = (L0 + L1(t)) ρ̃, (9)

where we have introduced the Liouvillian operators Li ≡ −i
[
H̃i, ·

]
. We look to the average

density matrix over all possible stochastic trajectories, 〈ρ̃〉 , which obeys

∂

∂t
〈ρ̃〉 = 〈(L0 + L1(t)) ρ̃〉 . (10)

In order to obtain a proper master equation for 〈ρ̃〉 (t) we follow.3–5 We start taking an

interaction picture with respect to L0 in Eq.(9) obtaining

∂

∂t
ρ̃(0) = L(0)

1 (t)ρ̃(0) (11)

Note that by ·(0) it is indicated that the operators are in the interaction picture with respect

to L0. The formal solution to the last equation is simply

4



ρ̃(0)(t) = T exp

(∫ t

0

L(0)
1 (τ)dτ

)
ρ̃(0)(0), (12)

where T represents the time ordering. Taking now the average over all possible stochastic

trajectories we arrive to

〈
ρ̃(0)
〉

(t) =

〈
T exp

(∫ t

0

L(0)
1 (τ)dτ

)〉
ρ̃(0)(0). (13)

We note that in our case the system is found always in the same initial state ρ̃(0)(0). Writing

it explicitly, that is, making explicit the action of T , the latter equation reads

〈
ρ̃(0)
〉

(t) =

[
1 +

∫ t

0

dt1

〈
L(0)

1 (t1)
〉

+

∫ t

0

dt1

∫ t1

0

dt2

〈
L(0)

1 (t1)L(0)
1 (t2)

〉
+ · · ·

]
ρ̃(0)(0). (14)

Taking the time derivate in both sides leads us to

∂

∂t

〈
ρ̃(0)
〉

(t) =

[〈
L(0)

1 (t)
〉

+

∫ t

0

dt1

〈
L(0)

1 (t)L(0)
1 (t1)

〉
+ · · ·

]
ρ̃(0)(0). (15)

In order to arrive to a master equation for the average density matrix the only thing needed is

to invert Eq.(14), so we can express ρ̃(0)(0) in terms of
〈
ρ̃(0)
〉

(t). Introducing the expression

for the initial density matrix into the last equation we finally obtain

∂

∂t

〈
ρ̃(0)
〉

=
∑

n

kn
〈
ρ̃(0)
〉

(16)

where the operators kn are defined as

kn =

∫ t

0

dt1

∫ t1

0

dt2 · · ·
∫ tn−2

0

dtn−1

〈〈
L(0)

1 (t)L(0)
1 (t1)L(0)

1 (t2) · · · L(0)
1 (tn−1)

〉〉
c
. (17)

In the last expression we have used the brackets with subscript 〈〈· · ·〉〉 c to denote ordered

cumulants.4
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We note that L1 is composed of a sum of N independent random variables, ξi(t), with

identical average properties, 〈ξi〉 = 〈ξj〉 ≡ 〈ξ〉 ∀i. Due to the fact that for independent

random variables all cross-cumulants vanish, each cumulant 〈〈L1(t) · · · L1(tm−1)〉〉c is linear

with N . A rough analysis of the 4 − th cumulant allow us to make a prediction on the

magnitude of the n− th cumulant. For instance

〈〈
L(0)

1 (0)L(0)
1 (0)L(0)

1 (0)L(0)
1 (0)

〉〉
c
∼ N

〈〈
ξ4
〉〉

c
= N

[ 〈
ξ4
〉
− 3

〈
ξ2
〉2
]
. (18)

Note that in our notation the single bracket, 〈· · ·〉 represents the moment and not the cu-

mulant. These terms can be found by explicit integration over the interaction volume

N
〈〈
ξ4
〉〉

c
=
〈
ξ4
〉
−3
〈
ξ2
〉2

= N
[ 1

V

∫

V

ξ4dr−3
1

V 2

(∫

V

ξ2dr
)2]

= ρ

∫

V

ξ4dr−3
ρ

V

(∫

V

ξ2dr
)2

.

(19)

Since the interaction fluctuations 〈ξi〉 decay with the distance, taking V → ∞, we can see

that the 4 − th cumulant is proportional to the 4 − th order moment. This analysis holds

for every order, as will be explained in the next section. Therefore, we take the second

order of the expansion as leading order. The general solution for the master equation in the

non-interaction picture with respect to L0, becomes

∂

∂t
〈ρ̃〉 =

[
L0 +

∫ t

0

〈〈
L1(t)etL0L1(t− τ)

〉〉
c
e−tL0dτ

]
〈ρ̃〉 . (20)

Now, under the assumption that |L0|τc � 1, with τc the correlation time (see following

section for an accurate definition), we approximate e±L0 ≈ 1. This assumption is equivalent

to
√
N 〈g〉 τc � 1, which is fulfilled in our set-up (see bellow). In our regime, the fluctuations

are larger than the average value 〈g〉. In the following, we use that by definition 〈L1(t)〉 = 0,

obtaining

6



∂

∂t
〈ρ̃〉 =

[
L0 +

∫ t

0

〈L1(t)L1(t− τ)〉 dτ
]
〈ρ̃〉 . (21)

We recall that this is a second order approximation in terms of
〈
ξiα
n〉
τn−1
c , and thus,

as we keep the cumulants till second order this approximation is valid for times t �

τc/
(
N
〈
ξiα

3
〉
τ 3
c

)
. The action of the correlator on the density matrix gives

∫ t

0

〈L1(t)L1(t− τ)〉 dτ 〈ρ̃〉 =
1

4
γ(0, t)

N∑

i=1

[
D
(
Li
)

+D
(
Li
†
)]
〈ρ̃〉+

1

4
γ(2Ω, t)

N∑

i=1

[
D
(
Oi
)

+D
(
Oi†
)]
〈ρ̃〉 . (22)

Where D(·) denotes the Lindblad superoperator, whose action on the density matrix is

simply

D(A) 〈ρ̃〉 = A 〈ρ̃〉A† − 1

2

{
A†A, 〈ρ̃〉

}
, (23)

where A is a given operator. In Eq.(22) all the fast oscillating terms have been neglected.

We remark that since the particles move independently then ξi(t) are independent random

variables and thus, we have used that
〈
ξiα(τ)ξjβ(0)

〉
= 〈ξiα(τ)ξiα(0)〉 δα,βδi,j. Also, as the

diffusion is homogeneous, the correlation function does not depend on the direction of the

hyperfine vector, α, or on the particle, i, 〈ξiα(τ)ξiα(0)〉 ≡ 〈ξ(τ)ξ(0)〉. Moreover, we have

introduced

γ(ω, t) =

∫ t

0

〈
ξiα(τ)ξiα(0)

〉
cos (ωτ) dτ. (24)

Note that for t � τc, with τc the correlation time, the upper limit of the integral may be

extended to infinity, obtaining limt→∞ γα(ω, t) = 1
2
Sα(ω), with S(ω) the spectral density

function of ξiα(t). A net polarization transfer is only possible if flip-flop induced relaxation
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predominates over all the other effects. That is, S(2Ω)/S(0)� 1. For a Lorentzian spectral

density this condition translates into χ ≡ Ωτc � 1. In our set-up τc ≈ 10µs, ωN = 2.8 MHz,

so S(2Ω)/S(0) ≈ 10−4, that means that flip-flip terms may be neglected. In fact, following

similar calculations other relaxations mechanisms related to Hamiltonian terms such as S±I iz

or I⊗ Ii, may be neglected when Ωτc � 1.

Taking all mentioned conditions into account, the effective master equation back in the

Schrödinger picture reads

∂

∂t
〈ρ〉 = ˙〈ρ〉 = −i [H0, 〈ρ〉] +

1

4
γ(t)

N∑

i=1

D
(
S+I

i
−
)
〈ρ〉+D

(
S−I

i
+

)
〈ρ〉 , (25)

which is a master equation in Lindblad form with time dependent coefficient γ(t) ≡ γ(0, t).

The action of Eq. (25) is well understood. There are two main contributions. On the one

hand, a Hamiltonian part, H0, whose principal effect is a coherent transfer of polarization

between the NV center and the nuclear spins. On the other hand, the Lindbladian term that

generates an irreversible polarization transfer towards the nuclei caused by the stochastic

motion.

In order to obtain a close equation for the population transfer, we first analyze the

coherent part of the dynamics ruled byH0, this will allow us to perform a Born approximation

that will be fundamental for our following approach. First, we take a look into the form of

H0

H0 = ΩSz +
N∑

i=1

〈ω〉 I iz +
N∑

i=1

〈g〉S+I
i
− + 〈g〉∗ S−I i+. (26)

It corresponds to the Hamiltonian of a single NV center interacting with a solid bath of N

nuclear spins, all of them with the same energy splitting 〈ω〉 and with the same coupling

strength 〈g〉. We recall, 〈· · ·〉 is the average over the stochastic trajectories of the nuclei.

More specifically, this solid bath is composed by the N spins that are enclosed in certain NV

interaction volume V . As the nuclei diffuse rapidly in the whole space, we assume that they

8



only spend certain time τB inside the NV interaction volume V . This τB may be seen as the

time that a particle needs to leave the interaction volume and thus, being replaced by some

other particle. Therefore, the coherent evolution caused by H0 takes place in a scale marked

by
√
N | 〈g〉 |τB. Assuming that τB ≈ 1

6
V 2/3

Doil
≈ τc, where Doil is the diffusion coefficient, and

V = L3 with L ≈ 2 z0, we obtain for our set-up
√
N | 〈g〉 |τB ≈ 0.1 − 0.01 < 1, depending

on whether we use a shallow NV center, z1
0 = 3.2 nm or a deeper NV, z2

0 = 5.3 nm. This

condition is equivalent as being in the weak-coupling regime with the bath as described by.5

Consequently, considering a time axis with time intervals larger than τc ≈ τB, we can rewrite

the average density matrix as

〈ρ〉 = 〈ρ〉NV ⊗ ρB, (27)

where ρNV is the average density matrix for the NV center while ρB is the density matrix

of the bath, which corresponds to a thermal state. We remark the latter equation is usually

referred to as the Born approximation. This factorization of the density matrix allows us to

trace out the nuclear spin space, obtaining a master equation solely for ρNV

˙〈ρ〉NV = −i[ΩSz, 〈ρ〉NV ] +
1

4
Nγ(t) [〈n〉BD(S+) + (1− 〈n〉B)D(S−)] 〈ρ〉NV . (28)

with 〈n〉B is the average population of the spins in the bath. Moreover, we can derive the

evolution equation for the NV population 〈n〉 = 1
2

+ Tr (Sz 〈ρ〉NV ), obtaining

˙〈n〉+N
1

4
γ(t) 〈n〉 = N

1

4
γ(t) 〈n〉B . (29)

This equation corresponds to Eq.(4) in the main text. We recall that this approximation is

only valid for times t� τc/(N 〈ξ3〉 τ 3
c ) ≈ 100µs and t� τB

1
(
√
N〈g〉τB)2

≈ 100µs.
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Relaxation of spin system

The measured data reveals that the NV center is affected by some environmental noise.

Namely, this noise will make the NV center lose its polarization at a given rate. Normally,

when the spin is driven and we are in the dressed state bases this rate is called T1ρ.
6 Including

these effects in our approach is straightforwardly done by adding a dissipation term to the

master equation Eq.(28). Obtaining

˙〈ρ〉NV = −i[ΩSz, 〈ρ〉NV ]+
1

4
Nγ(t) [〈n〉BD(S+) + (1− 〈n〉B)D(S−)] 〈ρ〉NV +

1

2

1

T1ρ

[D(S+) +D(S−)] 〈ρ〉NV .

(30)

This equation allow us to include the effects of T1ρ in our analysis and thus, have a complete

perspective of the NV dynamics.

Hyperfine vector analysis

In the previous section we have seen the polarization dynamics is mainly determined by

γ(t) =
∫
〈ξ(τ)ξ(0)〉 dτ . Despite the simple description of the nuclear trajectories, since they

move in free-diffusion, a detailed analytical description of ξiα(t) turns to be complicated.

Aiming to derive an analytical solution for Eq. (29) we make two assumptions: i) Higher

moments are negligible when compared to the average and variance, which is a necessary

condition for Eq.(21). ii) The correlations are well approximated by an exponential curve.

The former assumption justifies the validity of using cumulants up to order two in the

cumulant expansion performed in the previous section. We recall, that even in the absence of

a correlation time, the n− th order cumulant contribution is of order 〈ξn〉 tn−1.4 In this case,

we evaluate this time, t as the time in which most of the NV polarization is transferred to

the nuclear spins. This can be estimated by: i) simulation of the system, and ii) evaluating

this time assuming the second order is correct and then check for self-consistency. Both
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methods yield the same time. Using the second method, the time for polarization should

be - 1
〈ξ2〉τcN ∼ 10µs. Numerical calculations suggest that indeed, the second term may be

taken as the leading term and higher order terms decay exponentially with n. Numerical

calculations are shown in Fig.(S1).

With regard to the correlation profile, we numerically calculate the normalized correlation

function. The result is depicted in Fig.(S1). We see the correlation decay fast for short times

and presents a heavy tail for larger times. In our set-up, nuclei interact with the NV center

for a short-time before diffusing away and being reinitialize. Within this short-time interval

an exponential decay accurately fits the numerical calculated correlation function. This

approximation results in being accurate when tested against full numerical simulation with

HPA, see Fig.(S3).

2 4 6 8 10
10-10
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-200 -100 0 100 200
0
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Figure S1: (a) Normalized contribution of the n − th moment with respect to 〈ξ2〉, βn ≡
〈ξn〉tn−1

〈ξ2〉t . It decays rapidly with n, permitting us to accurately describe ξiα(t) making use

solely of its first and second moment. (b) Correlation profile of ξiα(t) with an exponential fit.

Correlation function calculation

The correlation function of the coupling coefficient between the NV and each individual

spin is important for determining the polarization rate. When the process is stationary, the

correlation function is given by -

11



〈ξiα(t)ξiα(0)〉 =

∫
ξiα(~r2; t)ξiα(~r1; 0)ρ(~r2; t|~r1; 0)ρ(~r1; 0)d3~r1d

3~r2. (31)

with ξiα(t) = Aiα(t) − 〈Aiα〉, ρ(r1; 0) the distribution of the particle at the initial time (con-

sidered to be uniform) and ρ(~r2; t|~r1; 0) is the conditional probability of the particle being

at ~r2 at time t given that it was in ~r1 at time t = 0. This conditional probability is nothing

but the solution of the diffusion equation with the initial condition at ~r1 with a reflective

boundary condition at z = z0, satisfying dρ
dz
|z2=z0 = 0

ρ(~r2; t|~r1; 0) =
1

(4πDt) 3
2

e−
(x1−x2)

2

4Dt e−
(y1−y2)

2

4Dt

(
e−

(z1−z2)
2

4Dt + e−
(z1+z2−2z0)

2

4Dt

)
(32)

with D the diffusion coefficient. The correlation function can not be calculated analytically

and therefore one must calculate it using a numerical approach, either by numerical integra-

tion or by using data obtained by a stochastic molecular dynamics simulation. While the

former approach is rather straight forward, the latter requires to obtain a number of possible

trajectories and then averaging the correlation function over all trajectories. This was done

using the MATLAB function xcorr.

In this context, we define the correlation time such that when t = τc

〈
ξiα(τc)ξ

i
α(0)

〉
≡ 1

e

〈
ξiα(0)ξαα

i(0)
〉

= 1/e, (33)

in other words, the correlation time is a characteristic time such that when t > τc, ξ
i
α(t) and

ξiα(0) can be treated as statistically independent.

Since the correlation time is inversely proportional to the diffusion coefficient, τc should

also depend on a parameter with a dimension of length. This parameter was considered to

be z0. Intuitively, as the depth of the NV increases, an interacting nuclear spin has to be

displaced more in order to change the interaction by a significant amount, increasing the

correlation time. We can see in Fig.(S2) that the dependency of τc on the depth of the NV

is indeed quadratic for shallow NVs (z0 ∼ 6 nm). For deeper NVs, due to the long range
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interaction (∼ 1
r3

) this dependency deviates because the interaction length is comparable to

the NV’s depth and takes part in the correlation time.
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40
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Figure S2: Correlation time vs NV depth. Results obtained from simulation. For Shallow
NVs the data is fitted to a quadratic function.

Bosonic approximation and Gaussian states

In order to numerically simulate a large spin system we make use of the Holstein-Primakoff

approximation (HPA),7 which expresses the spin operators in terms of bosonic operators

S+ =
√

2Sa†
√

1− a†a

2S
≈
√

2Sa†, (34)

S− =
√

2S

√
1− a†a

2S
a ≈
√

2Sa, (35)

Sz =
(
−S + a†a

)
, (36)

Where, S = 1
2

for spins-1
2
. This approximation has been successfully used in other works for

describing interacting spin baths in similar scenarios.8 In fact, within the HPA a polarized

spin is represented as a boson in its ground state. As far as only the ground and first excited

states play a major role in the dynamical evolution of the system, the HPA yields satisfactory

results. Since our system consists on numerous spins in thermal state with mainly flip-flop

13



interactions and moreover strong correlations between nuclei are not built up owning to

the stochastic motion, the HPA is expected to accurately describe the desired polarization

dynamics in the regime we are interested in. Performing the same approximation for the

nuclear spin operator I on Eq. (4), we directly obtain the bosonic Hamiltonian

H = Ωa†a+
N∑

i

ωNb
†
ibi +

∑

i

gi a
†bi + g∗ ab†i , (37)

This Hamiltonian corresponds to a system of two coupled harmonic oscillators under the ro-

tating wave approximation (RWA). Introducing the bosonic operator vector, R = (a, bi, · · · , bN)T ,

we express the total Hamiltonian as

H =
1

2
R†VR, (38)

with V = V0 + V1, containing all the interactions between the operators

V0 =




a† b†

a Ω 0

b 0 ωN




V1 =




a† b†

a 0 gi

b g∗i 0




In the last expressions, for the sake of simplicity, only the matrices for 2 interacting bosons

are written down.

A quadratic bosonic Hamiltonian as Eq. (37) induces a Gaussian unitary evolution. This

means, given a certain Gaussian state, its evolution under the action of a quadratic bosonic

Hamiltonian will preserve its Gaussian character.9,10

All the quantum information of a Gaussian state is contained in the first and second

moments of the quadratures operator R: the mean, 〈R〉, and the covariance matrix, γ.
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Moreover, if the Hamiltonian has not linear terms, and for initial states with 〈R〉 = 0, the

whole system is described by the covariance matrix, defined as

γj,k =
〈
b†jbk

〉
, (39)

with j, k ∈ {0, N}, being b0 = a. Making use of the von Nuemann equation for the evolution

of
〈
b†ibj
〉

in time,

˙〈
b†ibj
〉

= +i
〈[
b†ibj, H

]〉
, (40)

derive a evolution equation for γ results straightforward,

γ̇ = −i [V, γ] . (41)

We remark, γ has dimensions N + 1 ×N + 1, where N is the total number of nuclei. This

is the main advantages of the Gaussian state formalism, while for a spin system we will

need to compute the 2N elements of the density matrix to describe the system, for a bosonic

system it is sufficient to evolve γ. Therefore, while simulating a spin system of N ≈ 15 spins

already becomes computationally hard, the use of HPA allows us to simulate systems with

thousands of bosons easily.

Relaxation of the bosonic system

In order to implement a relaxation process that will take the place of T1ρ effects in a spin

system, we include a dissipation part on the evolution equation of the bosonic system

ρ̇ = −i [H, ρ] +
1

T1ρ

(
3

2
D(a) +

1

2
D
(
a†
))

ρ, (42)

where ρ is the density matrix of the whole bosonic system, and D(a), D
(
a†
)

are the Lindblad

dissipator on the creation and annihalition operators. The evolution of the covariance matrix,
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γ, under the action of such a master equation is given by

γ̇ = −i [V, γ] +
1

2

1

T1ρ

[∆− {∆, γ}] . (43)

where ∆i,j = δ0,iδ0,j is a matrix that indicates the action of T1ρ affects only the NV center

(labeled as 0). In addition to quadratic Hamiltonians, Lindblad equation of the form of

Eq.(42) also maintains the Gaussian character of an initial Gaussian state.11

Numerical Simulation parameters

As stated in the main text, the numerical simulation based on HPA is performed considering

N independently moving nuclei in a finite box with periodic boundary conditions and length

l. This box represents the detection volume of the NV center. The simulation box sets a

cut-off to other parameters such as the particle number, for a fixed particle density, ρ, then

N = ρ l3, or the interaction variance inside the box σ2
l , with liml→∞ σ2

l = σ2. That means,

the selection of l is a compromise between the computational efficiency, set by N , and the

ratio χ = σ2
l /σ

2, which should be χ ≈ 1 for a satisfactory description. Simulation results for

different densities and lengths are depicted in Fig.(S3).

In our experiment, the oil density equals, ρoil = 50 spins
nm3 . Therefore, it requires to consider

a significantly large number of nuclei inside the simulation box. For a box length of l = 20 nm,

then N = 4 · 105 and χ ∼ 92%. Even for this length, N is still too large, so we consider

effectively Neff = 5 · 103 spins with a effective interaction geff =
√

80g. This effective model

has been proven to reproduce exactly the NV spin dynamics.

Determining the depth of shallow NV centers

In order to estimate the NV center depth z0, the magnetic field noise produced by the

Larmor precession of the hydrogen spins within the immersion oil (Fluka Analytical 10976)
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Figure S3: Confrontation between full numerical simulation with HPA (markers) and theoret-
ical prediction for spins (solid lines) for different densities and z0 = 3.2 nm. (a) Simulations
for bosons diffusing in a box with l = 25 nm, χ = 95%. (b) Simulation for l = 12.5 nm
and χ = 78%. For this box size the numerical simulation gives satisfactory results with fast
computational time.

was measured via the XY8-N sequence. These measurements were performed at 660 G,

which corresponds to a hydrogen Larmor frequency of ν ≡ ωN/(2 π) = 2.81 MHz. We

get the magnitude of the RMS magnetic field BRMS from the measured XY8 signal by

reconstructing the power spectral density S(ν) via a deconvolution process using the known

filter function and then integrating the peak signal. From BRMS the depth of the NV center

can be calculated analytically (see e.g.12):

z0 =

[
1

B2
RMS

5

1536π
µ2

0h
2γ2

Nρoil

] 1
3

, (44)

where γN = 42.58MHz
T

is the nuclear gyromagnetic ratio and ρoil = 50 protons/nm3 the proton

density of the immersion oil.

Fig.(S4) shows the data of the XY8 measurements and the corresponding spectral density for

the two NVs. From these measurements we can estimate the depths to be z1
0 = 3.2± 0.2 nm

and z2
0 = 5.3± 0.1 nm.
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(a) Depth estimation for NV1

(b) Depth estimation for NV2

Figure S4: The left plots show the raw XY8 data, normalized to the Rabi contrast. Right
side: The power spectral density is calculated from the XY8 data and by the area of the
function around the 1H Larmor frequency the depth can be calculated (see Eq.(44)) (a)
Measurement corresponding to shallower NV center z1

0 = 3.2 nm. (b) Depth measurement
outcomes for an slightly deeper NV center z2

0 = 5.3 nm .
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Relaxation in the dressed state basis T1ρ

Besides the polarization transfer dynamics during the spin locking pulse there is also relax-

ation due to resonant magnetic noise. Since this decay happens in the same time scale as

the polarization transfer process, the characteristic relaxation time in the dressed state basis

T1ρ is detemined experimentally and taken into account in the theoretical predictions. This

is done by measuring the decay of the NV spin state while the MW drive during the spin

locking pulse is set off-resonant from the HHDR condition (by 500 kHz). In Fig.(S5) the NV

decay during spin locking fulfilling HHDR condition (polarization transfer and relaxation) is

compared to an off-resonant measurement (only relaxation). From a single exponential fit,

f(τ) = a+ b exp[−τ/T1ρ], we obtain T1ρ = 10.8± 0.6µs for NV1 and T1ρ = 17.0± 1.4µs for

NV2.

In all experimental data sets the fluorescence measured from a single NV center is nor-

malized with the steady-state fluorescence at the end of the laser pulse and it scaled by the

contrast of a by an additional Rabi experiment. The error bars are determined with photon

shot-noise, error propagated with the fluorescence normalization and divided by the Rabi

amplitude.

Steady-State polarization

Throughout this work we have focused on the polarization dynamics of one single NV center

in one single cycle. In order to achieve significant polarization in the oil sample the protocol

must be repeated numerous times, and the general set-up may be modified. The steady-

state polarization, that is, the maximum achievable polarization using our protocol may be

estimated as follows.

For hyperpolarization a diamond sample with high density of NV centers is needed.

Given a bulk diamond with different NV centers distributed homogeneously through the

whole volume, such that the interaction among different electronic spins is negligible, with a

19



(a) Resonant and off-resonant decay for NV1

(b) Resonant and off-resonant decay for NV2

Figure S5: Decay of NV fluorescence under fulfilled HHDR conditions (green points) and
under off-resonant conditions (blue points). The off-resonant decay is fitted by a single ex-
ponential decay (blue curve). The fitting curve is not forced to pass through 〈n〉 (0) = 1
since the normalization in the plot for the off-resonant curve is solely illustrative; only the
decay rate T1ρ is important. The corresponding time constant T1ρ is included in the theo-
retical predictions (green curve). Not taking T1ρ processes and thus only taking polarization
transfer into account would lead to the black dotted theory curve. (a) Polarization loss, T1ρ

relaxation and theoretical predicted polarization curve for an NV center at z1
0 = 3.2 nm. (b)

Same for NV center at z2
0 = 5.3 nm.
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superficial density σNV . If a thin layer of oil of thickness Loil is deposited onto the diamond

surface, then particle reservoir for a single NV centers consists of a volume VT = Loil/σNV .

On the other hand, during one cycle a single NV exclusively interacts with N nuclei,

which are inside its own interaction volume V . Therefore, after a polarization cycle, whose

duration is τp, the average polarization per nucleus is 1
2

1
N
α, as defined in the main text.

Nonetheless, in a single cycle the NV center has only interacted with a fraction V/VT of the

total number of 1H in the oil. For all the nuclei to interact at least once with the NV, the

cycle must be repeated n times with n = VT/V . Hence, the total required time is T = nτp.

In summary, at time T = nτp the average polarization per nucleus is P = 1
2

1
N
α. The same

procedure can be repeated m times, and since the polarization acquisition is only limited by

the nuclear relaxation time, T1n, then for an optimal performance m = T1n/T . Assuming

that for small amounts the polarization is additive, we obtain that the maximal average

polarization per nuclei is

Pmax =
T1n

T

1

2

1

N
α =

1

2
α
T1n

τp

σNV
Loilρoil

, (45)

For realistic values, α = 0.8, τp ≈ 5µs, T1n ≈ 1 s, ρoil ≈ 50 protons
nm3 , Loil ≈ 1µm, σNV ≈

2 · 10−3 NV
nm2 , the calculations yield Pmax = 10−3, which severally exceeds the thermal average

polarization P Th = 10−7.

Measurement outcomes for rigid and semi-rigid samples

The dynamical behavior of oil molecules in the vicinity of the diamond sample is unknown.

Chemical reactions such as adsorption may occur, hence blocking the stochastic motion of

the molecules resulting in an effective rigid bath for the NV center. Nonetheless, in our

model we consider the protons as randomly moving particles in free diffusion with certain

diffusion coefficient Doil. This description is expected to be accurate when the detection

volume is big enough and thus, the big majority of the molecules diffuse freely while only an
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small fraction may participate in adsorption.

Still, using HPA and Eq.(43) we can estimate the measurable polarization loss from a

NV center when interacting with a rigid or semi-rigid oil. The outcome of these simulations

helps us to discriminate whether the measured polarization loss may be also attributable to

a solid sample or if it is exclusively inherent to liquid oil.

Since molecular simulations with the used oil (Fluka Analytical 10976) are not available,

we explore different proton configurations with different orderings. For the sake of simplicity,

we start from an initial configuration in which all protons form a cubic lattice with lattice

parameter a. From this starting point, different configurations are achievable by displacing

each of the protons by a random quantity δi. In this context, the magnitude of δi sets the

amount of disorder with respect to the initial cubic lattice, hence we quantify the disorder

by χ ≡ 2|δi|
a

.

Consequently, we can study the different signals on the NV center coming from different

types of bath: from a complete ordered crystal, χ = 0, to homogeneously distributed non-

overlapping protons, χ = 80 %. We remark that our aim is not to predict the exact NV

center dynamics but rather the general behavior for a given kind of bath.

For the numerical simulations we have used Eq.(43) with a time-independent Hamilto-

nian. The electronic spin relaxation, T1ρ, is described by a local Lindblad equation. This

description is accurate and valid for non correlated systems such as liquid oil. Nonetheless,

here it is used for highly-correlated baths such as rigid oil since it is expected to give sat-

isfactory results.13 Further details on the simulation techniques may be found in the Secs.

Bosonic approximation and Gaussian states and Numerical Simulation parameters.

The outcomes of the simulation are depicted in Fig.(S6). For a rigid bath, the amount

of possible configurations of the protons is infinite and therefore we have chosen to present

the average signal (obtained by averaging over all the plausible polarization loss curves),

together with the standard deviation. Moreover, the average signal (blue curve Fig.(S6)),

coincides with the signal that a semi-rigid solid produces on the NV center. In this context, a
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semi-rigid solid consists of and ensemble of protons that are fixed during the duration of the

spin-locking time, t, but move by a random quantity δi between two different measurements.
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Figure S6: Comparison between rigid and semi-rigid baths and experimentally measured
polarization loss for a shallow NV center at z1

0 = 3.2 nm and T1ρ = 11µs. For each order
parameter, χ, infinite configurations are possible; in the figure there are shown the average
value (blue line) and the standard deviation (blue shadow). (a) The protons are found at
fixed positions conforming a cubic lattice with lattice parameter a. The NV center coherently
interchanges polarization with the bath. Nuclear-nuclear interaction effectively detunes the
nuclei from the HHDR and therefore full-oscillations are not seen.(b-e) Disorder models with
different disorder parameter χ. The protons are assumed to be at random positions inside
the detection volume, that is, disordered. Still, the coherent oscillations are appreciable. For
larger disorder factors, the number of plausible nuclear configurations increase hence leading
to a bigger standard deviation. {In the calculations, have been used, N = 800, L = 20,
ρoil = 50 spins/nm3, T1ρ = 11µs.}

The simulations suggest that for both rigid and semi-rigid baths the NV experiences

coherent oscillations. Nonetheless, this behavior is attenuated when disorder dominates.

When compared to the experimental measured data, none of the examined scenarios, neither

rigid nor semi-rigid, can reproduce the observed behavior. Hence, we conclude that the

description of the oil molecules as a liquid is adequate.
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Accelerated 2D magnetic 
resonance spectroscopy of single 
spins using matrix completion
Jochen Scheuer1, Alexander Stark1, Matthias Kost2, Martin B. Plenio2, Boris Naydenov1 & 
Fedor Jelezko1

Two dimensional nuclear magnetic resonance (NMR) spectroscopy is one of the major tools for 
analysing the chemical structure of organic molecules and proteins. Despite its power, this technique 
requires long measurement times, which, particularly in the recently emerging diamond based single 
molecule NMR, limits its application to stable samples. Here we demonstrate a method which allows 
to obtain the spectrum by collecting only a small fraction of the experimental data. Our method is 
based on matrix completion which can recover the full spectral information from randomly sampled 
data points. We confirm experimentally the applicability of this technique by performing two 
dimensional electron spin echo envelope modulation (ESEEM) experiments on a two spin system 
consisting of a single nitrogen vacancy (NV) centre in diamond coupled to a single 13C nuclear spin. 
The signal to noise ratio of the recovered 2D spectrum is compared to the Fourier transform of 
randomly subsampled data, where we observe a strong suppression of the noise when the matrix 
completion algorithm is applied. We show that the peaks in the spectrum can be obtained with only 
10% of the total number of the data points. We believe that our results reported here can find an 
application in all types of two dimensional spectroscopy, as long as the measured matrices have a 
low rank.

A key tool in the quest for the determination of the structure of molecules and proteins is nuclear 
magnetic resonance spectroscopy (NMR) which has helped to make fundamental contributions to the 
advancement of biological sciences. This is achieved by measuring the magnetic response of molecules 
in a large ensemble to sequences of radio frequency pulses. This temporal response is then mapped 
to multi-dimensional spectra which encode the dynamical properties of the system and therefore the 
interactions between its constituent nuclear spins1,2. The information contained in these spectra forms 
the basis for the determination of molecular structure. Current NMR schemes are intrinsically ensemble 
measurements, both due to the minute size of the nuclear magnetic moments and the tiny polarization 
of these nuclear spins at room temperature, even in very strong magnetic fields. Consequently, NMR 
can only deliver ensemble information while the structure and dynamics of individual specimens remain 
hidden from observation.

Recent progress in the control of the single electron spin in nitrogen-vacancy (NV) centers in dia-
mond offers a new perspective here, as it can make use of optically detected magnetic resonance3,4 for the 
detection of material properties5 including minute magnetic fields6–9. Building on this, recent theoretical 
investigations10–13 have suggested that NV centers implanted a few nanometers below the surface should 
be able to detect and locate individual nuclear spins above the diamond surface. Subsequent experimen-
tal work has indeed achieved the observation of small clusters of nuclear spins outside of diamond with 
a sensitivity that is sufficient to identify even individual nuclear spins14.
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One of the challenges for the determination of the structure of smaller biomolecules or even entire 
proteins by means of 2D spectroscopy detected by a NV center is the considerable amount of data that 
need to be taken which results in long measurement times. Indeed, the large amount of required data 
and the associated long measurement times represent a challenge that is common to both ensemble NMR 
and single molecule NMR measurements.

As suggested in12 we demonstrate NV sensing experiments on nuclear spins using methods from the 
field of signal processing, particularly matrix completion15,16. With this technique we can obtain reliably 
the spectral information that is contained in 2D-NMR spectra from a small subset of all accessible data 
points (see17,18 for applications of the related but distinct compressive sensing and non-uniform sampling 
to bulk NMR). The results presented here show that order of magnitude reduction in the overall meas-
urement time in NV center based 2D-NMR can be achieved.

In the remainder we briefly introduce matrix completion in Section II. Then Section III presents the 
application of this method to concrete experimental data that have been obtained from a NV center 
interacting with a nearby nucleus. The results demonstrate that already a sampling rate of around 10% 
suffices to reconstruct the spectral information reliably. We finish with a brief conclusion and outlook 
concerning the potential of this approach for diamond quantum sensing.

Matrix Completion Method
This section serves to introduce briefly the concept of matrix completion, the basic properties relevant to 
this work and the specific algorithm that we use for its application to our experimental data.

A 2D-spectrum encodes the response of a system to a sequence of pulses with varying temporal 
separation, denoted by τ i and τ j, and the data is arranged in a matrix ( , )M i j . The 2D-spectrum 
ω ω( , )S 1 2  is then obtained as the Fourier transform of both time coordinates in M. In our work we are 

sampling randomly chosen elements of the matrix M with indices ( , )i j  drawn from the index set Ω, 
leading to constraints =X Mij ij for ( , ) ∈ Ωi j . Matrix completion solves the task of obtaining the miss-
ing matrix entries of M that have not been measured in experiment. In general this is impossible unless 
we have further knowledge about the matrix M, namely that it typically has a low singular value rank r, 
i.e. r n for the n ×  n matrix M.

One possible approach to achieve this matrix completion is by solving the minimization problem

| | | − | < ( , ) ∈ Ω ( )tr X X M i jmin [ : for ] 1ij ij

where tr X  is the trace norm of the matrix X and  is a given tolerance. Indeed, it can be proven that this 
formulation of the problem achieves the desired aim19 as the solution of eq. (1) yields the matrix M with 
high probability if the number of sampled elements Ω = ( )nr nln  (see19,20 for proofs and a rigorous 
mathematical statement). This suggests that a computational gain by a factor of order /( )n r nln  may 
be achieved through random sampling in the manner described above (see for example12,21 on computed 
2D-spectroscopy data).

This still leaves us with the task of solving the minimization problem eq. (1). In principle, this equa-
tion can be rewritten as a semi-definite programme and then solved employing standard solvers for 
convex problems. Unfortunately, standard solvers tend to be limited to relatively small matrix sizes, but 
fortunately alternatives exist. Indeed22, proposed to solve eq. (1) approximately through the so-called 
singular value thresholding (SVT) algorithm22 which permits very large matrices to be treated. It is this 
algorithm that we will be using in our work. The SVT-algorithm solves iteratively the set of equations

= ( )( − ) ( − ) ( − ) ( − )Y U D V 2k k k k1 1 1 1

τ= ( − ) ( )( ) ( − ) ( − ) −�X U D Vmax 3k k k k1 1 1

δ= + ( − ) ( )( ) ( − )
Ω

( )Y Y M X 4k k
k

k1

where ( ( )) =Ω M Mij ij for ( , ) ∈ Ωi j  and zero otherwise and eq. (2) represents the singular value 
decomposition of the matrix ( − )Y k 1 . τ and δk are free parameters in the procedure that regulate the soft 
thresholding (eq. 4) and the inclusion of the constraints (eq. 5). The choice δ < 2k  ensure provable con-
vergence and τ = n5  for n ×  n-matrices represent typical values (see22). As a termination criterion of 
the iteration we employ the condition

P

P
ε

( ( − )

( ( )
<

( )

Ω
( )

Ω

X M
M 5

k
F

F

for some , and ||.||F being the Frobenius norm22. The algorithm employs a singular value decomposition 
which, for large matrices, can be accelerated considerably23,24. It is also noteworthy that other approaches 
for solving eq. (1) such as those reported in25–27 may lead to improved performance and/or stability but 
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for the purposes of this study SVT was sufficient and recommended itself thanks to its ease of imple-
mentation. Below we give a pseudo code which implements the matrix completion algorithm:

//matrix M subsampled on Ω //
Y =  0
while ε < ε0  do
U, S, V =  SVD(Y)//singular value decomposition

( )τΙ= − ,S Smax 0  //element wise thresholding
=C USV

dY = Ω(M − C)
 = /dY M
Y =  Y +  δdY
end do
return C//completed matrix//

In any real-world application, the measured entries of the data matrix will be corrupted at least by 
a small amount of noise. Hence the question of the robustness of the matrix completion approach to 
fluctuations in the experimental data arises naturally. Reassuringly, results have been developed that 
guarantee that reasonably accurate matrix completion is possible from noisy sampled entries28. In that 
scenario noise can be neglected if the relevant spectral information can be still extracted from the low 
rank approximation of M, thus implicating a sufficiently large signal-to-noise ratio and leading to the fact 
that noise contribution results in small singular values, which are discarded after applying our algorithm. 
Hence matrix completion offers three major advantages:

•	 Weak noise is directly suppressed by the matrix completion algorithm
•	 The spectrum of the system can be recovered from a small subset of all data e.g. only 10 % of the total 

in our examples.
•	 Usually compressed sensing requires some additional information in order to effectively recover the 

measured data, e.g. sparse basis29, although a random basis under broad assumptions can be also 
used. The only requirement for matrix completion in our application (where sampling is carried out 
in Fourier space) is that the matrix with the data needs to have a low rank.

The following section will now present the result of the application of the matrix completion algo-
rithm to concrete experimental data that have been obtained in our laboratory.

Experimental Implementation
2D ESEEM with a single NV centre. The method of matrix completion has been implemented in 
2D optical spectroscopy of Rb vapour30. We use a single NV centre in diamond coupled to a proximal 
13C nuclear spin as a test system for the demonstration of the matrix completion protocol. NVs are opti-
cally active point defect centres in the diamond crystal. Their fluorescence depends on the electron spin 
number ms of the triplet ground state, allowing to measure the electron spin of single centres. NVs close 
to the diamond surface have been used to detect few thousand external protons31,32 followed later by a 
demonstration of even single spins sensitivity14 leading to nano-scale magnetic resonance imaging33–35. 
For these types of experiments the data acquisition is quite long due to the low fluorescence emission 
from single centres.

The NV has a triplet ground state (electron spin S =  1) coupled to the nitrogen nuclear spin (14N, 
I =  1). The system can be described by the Hamiltonian:

µ
= + ⋅ + ⋅ ⋅ ( )

� �
ħ

^ ^ ^ ^H DS
g

B S S IA 6z
B2

14N

where π/ = .D 2 2 87  GHz is the zero field splitting of the ground state, = .g 2 003 is the Landé factor, 
µB is the Bohr magneton, = + +

�� � � �B B e B e B ex x y y z z is the applied static magnetic field, = + +
 ˆ ˆ ˆS S S Sx y z 

and = + +


^ ^ ^I I I Ix y z are the electron and nuclear spin operators and A14N
 is the hyperfine interaction 

tensor. The z axis is taken to be along the NV crystal axis. If there is a single 13C nuclear spin ( = /I 1 2) 
in the proximity, the following term

= ⋅ ⋅ ( )
� ��H S IA 7HF C 1313

C

is added to the spin Hamiltonian 6, with A13C being the hyperfine interaction tensor to a 13C nuclear 
spin. One of the simplest 2D NMR experiments consists of three π/2 pulses and is called correlation 
spectroscopy (COSY)36. In our work we use its “equivalent” in the electron spin resonance-the three pulse 
electron spin echo envelope modulation (ESEEM) pulse sequence (also called stimulated echo, see37 for 
more details) shown in Fig. 1.
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The sequence starts with a laser pulse of about 3 μs to polarize the NV electron spin in the =m 0s  
state. Afterwards we apply four π/2 microwave pulses at times t =  0, τ=t 1, τ τ= +t 1 2 and 

τ τ= +t 2 1 2. The last pulse is used to transfer the electron spin coherence into population, which is 
read out by the last laser pulse. The spin signal is recorded for each pair of (τ1, τ 2) and then a 2D Fourier 
transform is performed giving a set of frequencies (ν1, ν 2). From this spectrum the number of nuclei 
coupled to the electron spin and the off diagonal elements of the hyperfine interaction tensor (e.g. pro-
portional to ^ ^S Iz x) can be obtained37.

We applied this pulse sequence in two different experiments. In the first measurement we use a single 
NV without resolvable coupling to 13C spins. The system consists of a NV electron and a nitrogen nuclear 
spin, which are described by the Hamiltonian in 6. If the static magnetic field is aligned with the NV 
axis, the hyperfine interaction tensor A14N

 is diagonal and there is no ESEEM effect. In order to introduce 
artificial “off-diagonal” terms, we apply the static |

→
| ≈B 100 G off-axis, at an angle of about 34 degrees 

with respect to the z axis. The expected 2D spectrum S theo can be simulated by using the Hamiltonian 6 
and is plotted in 2a.

In Fig. 2b we plot the Fourier transform of the experimental data Sexp
full , where we use all collected data 

points. The experiment agrees well with the simulation. In order to demonstrate the performance of the 
matrix completion method, we use a random mask Ω  to remove a certain part from the full experimental 
data in the time domain. After that, we apply matrix completion using the SVT algorithm as described 
in Section Matrix Completion Method to recover the full matrix. A Fourier transform of the matrix 
obtained with 20% of the initial data points %Sexp

20  is shown in Fig. 2c. Despite the removal of 80 % of the 
recorded data, the number of peaks and their positions are still present if we compare to Fig. 2b. Even if 
we keep only 10% of the original matrix (see Fig.  2d), we can still recover the relevant spectral 
information.

In the second experiment we localized a NV coupled to a single 13C spin with a coupling strength of 
=A 913C

 MHz. Now, depending on the position of this carbon atom with respect to the NV, there are 
different hyperfine interaction tensors38–40. The spectrum can be calculated by using the Hamiltonian 6 
and 7 by choosing the correct hyperfine interaction tensor. The simulation is shown in Fig. 3a.

In these measurements the magnetic field has been aligned along the NV axis. The 2D Fourier trans-
form of the full data set is shown in Fig. 3b. As in the previous experiment, we can still recover the full 
spectral information (cf. Fig. 3c), if we remove randomly 80% of the data points. From Fig. 3d we can 

Figure 1. Pulse sequence for the two dimensional ESEEM measurement used in our experiments. See 
text for detailed description.

Figure 2. 2D ESEEM simulation and experimental data with a single NV when static magnetic field 
= .B 100 90  G is applied at an angle of 34.1°. (a) Simulation using the Hamiltonian (6). (b) Fourier 

transform of the complete set of the experimental data points Sexp
full . Fourier transform of the experimental 

data after applying matrix completion and using 20% %Sexp
20  (c) and %Sexp

10  10% (d) of the time domain data. 
The main peaks are still observed even when 90% of the data is removed.
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conclude that even 10% of the data suffice for the matrix completion algorithm to obtain the spectrum 
and the hyperfine coupling strengths are still well resolvable. If we keep even less data points, the spec-
trum becomes distorted (data not shown). In fact, this factor of ten is what is expected from the theory, 
see Section Matrix Completion Method and below.

Performance of the matrix completion algorithm. In the following the performance of the matrix 
completion algorithm will be analysed on our experimental data. For this purpose we first quantify how 
the signal to noise ratio (SNR) of the 2D spectrum depends on the number of matrix elements remaining 
from the complete data set. We use the experimental data shown in Fig. 3. In Fig. 4 the results of this 
analysis is plotted. In order to calculate the SNR we take the maximal signal of the (9 MHz, 9 MHz)-peak 
and compare it to the mean of a region which contains only noise.

We compare the SNR of two methods to obtain the spectrum. With the first we applied the matrix 
completion algorithm to recover the matrix in the time domain and then we perform a Fourier transform 
(red markers). With the second we set randomly chosen matrix elements to zero and then again trans-
form it in the frequency domain (subsampled, black markers). In the latter case the SNR drops almost 
linearly when the fraction of known matrix elements decreases. When the matrix completion is used the 

Figure 3. 2D ESEEM simulation and experimental data with a single NV coupled to a single 13C nuclear 
spin. (a) Simulation using the spin Hamiltonian (6) and (7). (b) Fourier transform of the complete set of the 
experimental data points. Fourier transform of 20% (c) and 10% (d) of the data in the time domain. Here 
we again can recover the spectral information by keeping small amount of the experimental data.

Figure 4. (a) SNR of the 2D spectrum when the data is recovered with the matrix completion algorithm 
(red markers, right axis) and randomly subsampled matrix (black markers, right axis) as a function of the 
fraction of sampled elements (top axis) taken from the experimental data shown in Fig. 3. The matrix 
completion algorithm and subsampling were performed at least 10 times, here the errorbars denote the 
standard deviation. The blue curve (left axis) represents the singular values σi of the measured data (Fig. 3b) 
in descending order.
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SNR remains almost constant until roughly 40% of the matrix elements are retained, by which time it 
starts to drop, but it remains significantly larger than the SNR obtained for subsampled data. In the same 
plot we give the ordered singular values σ i of the measured matrix, showing that about 70% of them are 
close to zero, suggesting that they contain predominantly noise.

In the following we define a fidelity which is a measure of how well we can recover the complete 
matrix if we use a fraction of its elements. Here we used measurement data with very low noise in order 
to have an ideal data set. The matrix M tot which contains all the measured data and the matrix M red 
which is obtained from subsampling either without further processing (subsampled) or after application 
of the matrix completion algorithm (MC). By using these two matrices, we define the fidelity F of our 
algorithm as

= −
−

.
( )

F
M M

M
1

8
F

F

tot red
2

tot
2

In Fig.  5a we plot the fidelity as a function of the fraction of the elements of the complete matrix 
(red markers).

In the same plot we show the ordered singular values σ i of the matrix with the full number of points 
M tot. Additionally we show the fidelity when we randomly set a fraction of the matrix elements to zero. 
In the latter case F decreases linearly as expected. From the plot we can conclude that the matrix in the 
time domain can be recovered by using 10% of the elements of M tot, since only these elements are sig-
nificantly larger than zero. This result is consistent with the theoretical limit for recovering M tot given by 
only nr nln 19,20 matrix elements ( =n 201) where we can roughly assume a rank =r 4, which is the 
number of the peaks in the spectrum. It is interesting to investigate the influence of the threshold param-
eter τ (see eqs 2–4) on the performance of the SVT algorithm and the fidelity of the so determined 
spectra (see Fig. 5b). Too small threshold values τ, e.g. at τ = 10 or τ = 20 (pink and orange markers), 
lead to low fidelity when less than 60% of the matrix elements are sampled. We can achieve higher fidel-
ities F  by increasing τ and we observe saturation around τ = 100. That is, for τ  100 we cannot obtain 
higher significantly higher fidelities, while the required computation time (equivalent to the number of 

Figure 5. (a) Mean of fidelities of the matrix completion algorithm (red markers, right axis with τ = 100) 
and randomly subsampled matrix (black markers, right axis) as a function of the fraction of sampled 
elements (top axis). The matrix completion algorithm was performed 128 times with each time different 
random sampling, here the errorbars denote the standard deviation. The blue curve (left axis) represents the 
singular values σi of the measured data in descending order. (b) The fidelity of the matrix completion 
algorithm as a function of the fraction of matrix elements at different thresholds τ. Inset: Number of 
iterations required to run the matrix completion algorithm as a function of the threshold and the fraction of 
the matrix elements.
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iterations) increases which can be seen in the inset graph in Fig. 5b. From there we can conclude that 
with our data set thresholds even below the empirically suggested rule τ = ≈n5 1000 for our case of 

=n 201 (see Section Matrix Completion Method and22) are sufficient. A python script can be found in 
the supplementary material, where the SVT algorithm is implemented, together with an experimental 
data set.

Conclusions
In summary, we have demonstrated the application of a method for reconstructing a two dimensional 
ESEEM spectrum, by collecting only small part of the data in the time domain. With our technique we 
can obtain the necessary spectral information by measuring 10% of the experimental data points in two 
different experiments. By using our method, the measurement time can be shortened by a factor 10 
compared to the conventional experiment. We believe that the reported results will be useful for any type 
of 2D NMR and ESR spectroscopy and also for magnetic resonance imaging. Our method is particularly 
useful for single spins experiments, which usually require very long measurement times13,35.

Methods
The diamond samples having NV centres created during the chemical vapour deposition (CVD) process 
(CVD) have been provided by Element 6, Ltd. All experiments have been performed on a home built 
confocal microscope. For the microwave manipulation we used a continuous wave MW source (Rohde 
und Schwarz, SMIQ03B), a MW switch (Mini circuits, ZASWA-2-50DR+ ) and a pulse generator to form 
MW pulses (Tektronix, AWG7122C). The constant magnetic field has been provided by a permanent 
magnet mounted on a computer controlled 3D stage equipped with a rotational module (Micos LS110, 
PR110).

The matrix completion algorithm has been implemented using the Python language. The program 
for simulating the 2D spectra has been written in Fortran. All calculation have been performed on a 
standard desktop computer.
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6 Abbreviations

CPMG Carr, Purcell, Meiboom, Gill sequence
CVD chemical vapour deposition
cw continuous wave
DD dynamical decoupling
DNP dynamic nuclear polarization
DQT double-quantum transition
EPR electron paramagnetic resonance
ESEEM electron spin echo envelope modulation
esLAC excited state level anti-crossing
ESR electron spin resonance
FFT fast fourier transform
FID free induction decay
FWHM full width half maximum
gsLAC ground state level anti-crossing
HPHT high pressure high temperature
ISE integrated solid effect
KDD Knill dynamical decoupling
LAC level anti-crossing
MRI magnetic resonance imaging
MW microwave
ND nano dimaond
NMR nuclear magnetic resonance
NOVEL nuclear spin orientation via spin locking
NV nitrogen-vacancy
ODMR optically detected magnetic resonance
PET positron-emission tomography
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6 Abbreviations

PL photoluminescence
PROPI Polarization Read-Out via Polarization Inversion
RF radio frequency
ZFS zero-field splitting
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