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METHOD AND APPARATUS FOR POLARIZING NUCLEAR AND ELECTRONIC
SPINS

BACKGROUND OF THE INVENTION

[0001] The subject matter disclosed herein relates to magnetic resonance including

nuclear magnetic resonance and electron magnetic resonance.

[0002] Magnetic resonance (MR) is one of the most powerful analytical tools
employed in the physical, biological, and materials sciences, as well as in medical
diagnostics. Nuclei and electrons in a sample under investigation may be thought of as
microscopic compasses called spins. In a MR device, a magnet is used to induce spin
polarization in the sample (i.e., to partially align these compasses with the external
magnetic field). Ultimately, the MR signal in a measurement is proportional to the
degree of alignment, which, in turn, increases with the applied field. For this reason,
bulky, very-expensive magnets are used whose sole purpose is to produce the highest
possible fractional spin alignment and thus the highest signal-to-noise ratio when probing
the smallest amount of sample. Unfortunately, and even with the strongest possible
magnets, the fractional (nuclear) spin alignment is very low, reaching at room
temperature a value of approximately 0.005% or less (i.e., in a hypothetical sample of 1
million nuclear spins, the number difference between spins pointing with the field and

against it amounts to less than 50).

[0003] Spin polarization is an important parameter to magnetic resonance and thus to
analytical science. Some strategies of dynamic polarization of nuclear spins have been
introduced in the past. However, they either work at very low temperatures (10 K and
below) or are incapable of generating polarization superior to that obtained with the use
of a strong magnet. Despite these limitations, higher spin polarization is in such high
demand that several companies have developed complex (and very expensive)

instruments that partly overcome these problems. Here the sample is cooled down to
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very low temperatures and subsequently hyperpolarized and quickly transferred to a high-
field magnet in the form of a polarized fluid. Such systems are bulky and costly. An

alternative method of providing spin polarization is therefore desired.

[0004] The discussion above is merely provided for general background information
and is not intended to be used as an aid in determining the scope of the claimed subject

matter.

BRIEF DESCRIPTION OF THE INVENTION

[0005] A method and apparatus for polarizing nuclear or electronic spins is disclosed.
An analyte is passed near a surface that has a plurality of spin defect centers implanted
within 10 nm of the surface. The spin defect centers are exposed to a magnetic field and
illumination to produce polarized spins. The polarized spins then induce spin

polarization in the analyte.

[00006] In a first embodiment, a method for polarizing nuclear or electronic spins is
disclosed. The method comprises steps of introducing an analyte into a channel, wherein
at least one surface of the channel is a substrate comprising a plurality of spin defect
centers implanted within 10 nm of the at least one surface of the channel. The spin defect
centers are exposed to a magnetic field while the analyte is in the channel and illuminated
with light to produce polarized spins in the spin defect centers. The polarized spins in the

spin defect centers are permitted to induce spin polarization in the analyte.

[0007] In a second embodiment, a substrate for polarizing nuclear or electronic spins
is disclosed. The substrate comprises a fluid channel wherein at least one surface of the
fluid channel comprises a plurality of spin defect centers implanted within 10 nm of the
at least one surface. The spin defect center are present in a concentration between about
10! and 10" spin defect centers per square centimeter within 10 nm of the at least one

surface.
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[0008] In a third embodiment, a substrate for polarizing nuclear or electronic spins is
disclosed. The substrate comprises a fluid channel wherein at least one diamond surface
of the fluid channel comprises a plurality of nitrogen-vacancy spin defect centers
implanted within 10 nm of the at least one diamond surface. The nitrogen-vacancy spin
defect centers are present in a concentration between about 10! and 10'3 nitrogen-
vacancy spin defect centers per square centimeter within 10 nm of the at least one

diamond surface.

[0009] An advantage that may be realized in the practice of some disclosed
embodiments of the disclosed apparatus and method is that a greater degree of spin
polarization may be achieved in a sample at room temperature compared to conventional
room temperature approaches. This increases the sensitivity of the apparatus and

methods.

[0010] This brief description of the invention is intended only to provide a brief
overview of subject matter disclosed herein according to one or more illustrative
embodiments, and does not serve as a guide to interpreting the claims or to define or limit
the scope of the invention, which is defined only by the appended claims. This brief
description is provided to introduce an illustrative selection of concepts in a simplified
form that are further described below in the detailed description. This brief description is
not intended to identify key features or essential features of the claimed subject matter,
nor is it intended to be used as an aid in determining the scope of the claimed subject
matter. The claimed subject matter is not limited to implementations that solve any or all

disadvantages noted in the background.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] So that the manner in which the features of the invention can be understood, a
detailed description of the invention may be had by reference to certain embodiments,

some of which are illustrated in the accompanying drawings. It is to be noted, however,
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that the drawings illustrate only certain embodiments of this invention and are therefore
not to be considered limiting of its scope, for the scope of the invention encompasses
other equally effective embodiments. The drawings are not necessarily to scale,
emphasis generally being placed upon illustrating the features of certain embodiments of
the invention. In the drawings, like numerals are used to indicate like parts throughout
the various views. Thus, for further understanding of the invention, reference can be
made to the following detailed description, read in connection with the drawings in
which:

[0012] FIG. 1 is a flow diagram of one method for aligning spins;

[0013] FIG. 2A is a schematic of a polarization system for use with the method of
FIG. 1, while FIG. 2B depicts of insertion of the polarization system into a detection

system,;

[0014] FIG. 3 is a schematic of a microfluidic channel of another embodiment of a

polarization system;

[0015] FIG. 4A depicts an individual diamond nanoparticle;

[0016] FIG. 4B is an embodiment of a semiconductor device made using NV centers;
[0017] FIG. 5A-D are graphs depicting the results of a Hartman-Hahn protocol,

[0018] FIG. 6A, FIG. 6B and FIG. 6C depicts graphs showing polarization of
absorbed spins as a function of the applied magnetic field and correlation time where the

NV is below a flat surface, a dome and a cylindrical pit, each at different ms values;
[0019] FIG. 6D depicts surface roughness of select samples; and

[0020] FIG. 7A, FIG. 7B and FIG. 7C depict polarization changes in a microfluidic

channel.
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DETAILED DESCRIPTION OF THE INVENTION

[0021] The technology disclosed in this specification addresses the fractional spin
polarization limitation of magnetic resonance. A sample under investigation is brought in
direct contact with the surface of a properly treated diamond crystal exposed to
continuous green light. A level of polarization of the order 1-10 % can be produced
depending on the exact parameters. This level of polarization is up to five orders of
magnitude higher than that possible by the application of an external magnetic field under
traditional conditions. Because the signal observed in magnetic resonance is proportional
to the level of spin polarization attained, the disclosed technology enables the
characterization of samples with unprecedented sensitivity. Since only a small magnetic
field is required (e.g., produced via permanent ferromagnetic material), the system may
be portable. Example applications include the detection of contaminants or pathogens
within fluids, the high-throughput characterization of drugs, proteins, or other bio-
molecules in solution, the polarization of nanometer thick layers of compound deposited
on a surface, etc. As a whole, these capabilities will have a broad impact with
applications in laboratory and point-of-care diagnostics, food safety, environmental

testing, scientific studies of mass-limited systems, national security, etc.

[0022] In one embodiment, the disclosed technology takes advantage of the so-called
Nitrogen-Vacancy centers (NV) centers in diamond. The NVs are defects in the diamond
crystalline lattice (otherwise formed by carbon atoms) comprising a substitutional
nitrogen adjacent to a vacancy (an empty lattice site). The (electronic) spin associated
with these centers can be polarized to almost 100 % at room temperature simply by
illuminating with green light. NV centers can be created very close to the crystal surface
via an ion implantation and annealing protocol. One can use these near-surface NVs to
sense other spins deposited on the diamond surface. The system comprises a diamond
crystal containing implanted NVs, a laser to generate NV polarization, and a microfluidic

structure to bring the liquid (or gas) in close contact with the diamond surface. To
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optimize the transfer, the diamond crystal can be patterned so as to maximize the surface

in contact with the fluid.

[0023] FIG. 1 is a flow diagram of a method 100 for polarizing nuclear or electronic
spins. In step 102, an analyte is introduced into a channel that comprises spin defect
centers proximate the surface of a substrate. Examples of substrates include diamond
(which have nitrogen-vacancy (NV) defect centers) and silicon carbide (which have PL5
and/or PL6 defect centers). Other examples include substitutional phosphorous and
bismuth in silicon and rare-earth ions in wide-bandgap semiconductors (e.g. cerium-
doped yttrium aluminum garnet or Ce:YAG, praseodymium-doped yttrium orthosilicate
or Pr: YSO; europium-doped yttrium orthosilicate or Eu:YSO; praseodymium-doped
yttrium aluminum garnet or Pr: YAG, neodymium-doped yttrium orthovanadate or
Ne:YVO, etc), most of which have been shown to spin polarize upon light excitation at
room temperature. In one embodiment, the channel is provided in a layer of material that
is adjacent the substrate. In another embodiment, the channel is formed in the substrate
itself. The analyte may be introduced into the channel in a fluid, such as a liquid or a gas.
In one embodiment, the channel is a microfluidic channel with a width between 1
micrometer and 100 micrometers. The microfluidic channel may have a depth of
between about 100 to 300 nm. The channel has a length sufficient to permit contact with
the channel surface for a sufficient amount of time to induce spin transfer when the
analyte is moving through the channel at a predetermined flow rate. The channel may be
made longer when faster flow rates are desired. Alternatively, the area in contact with
the fluid can be enhanced by intercalating nanopillars or introducing surface roughness.
A magnetic field is applied to break the symmetry in the color center-nuclear spin
transitions. Depending on the application, the operating magnetic field may vary but a
field strength of at 100 mT may be typical and the magnetic field may be applied by, for

example, a permanent magnet.

[0024] In step 104, the defect centers are illuminated with light while the magnetic
field is applied. The light wavelength and intensity is chosen to optimize the spin
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polarization of the color centers. For example, in the case of NV centers in diamond, one
would use green illumination with intensities of order 5 mW per square micrometer. The
illumination of the defect centers causes the spins of the defect centers in the substrate to

become polarized.

[0025] In step 106, the aligned spins in the substrate are permitted to induce
corresponding spin polarization in the analyte. Depending on the target spin system (e.g.,
electron, proton or other nuclear spin species) and the type of source defect (NV centers
or other centers as listed above) one chooses the magnetic field so as to optimize the
process of nuclear dynamic polarization. For example, for NV centers in diamond one
would operate at about 100 mT for proton spins or at about 50 mT for electron spins.

The process of target spin polarization is also optimized by engineering the defect centers
proximate the surface of the substrate where the analyte will pass. In one embodiment,
the defect centers are implanted within 10 nm of the surface of the channel. The surface
concentration of the defect centers within the substrate are typically within a range of

about 10'% per square centimeter.

[0026] In step 108, the analyte is detected by virtue of its polarized spin state.
Conventional detection techniques may be used. For example, the analyte may be
detected by nuclear magnetic resonance (NMR) by using radio waves to induce a spin
flip. Subsequent relaxation of the spin emits radio-frequency which is subsequently
detected, thereby permitting detection of the analyte. Examples of devices for

performing method 100 are discussed elsewhere in this specification.

[0027] FIG. 2A is a schematic depiction of a polarization system 200 integrating a
substrate 202 and a single diamond crystal 204. A target fluid 206 circulating through a
microfluidic channel 208 is exposed to optically pumped NV centers 210 implanted on a
surface of the single diamond crystal 204 while being exposed to far-field illumination
from light source 212. A magnet 214 provides an applied magnetic field Bo. For the
sake of illustration, the substrate 202 and the single diamond crystal 204 are depicted as
being spaced apart. In use, the substrate 202 and the single diamond crystal 204 are
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contiguous such that the target analyte 206 in the microfluidic channel 208 contacts the
surface of the single diamond crystal proximate where the NV centers 210. In the
embodiment of FIG. 2B, detection of the fluid polarization after circulation is carried out
via inductively-detected NMR. In the embodiment of FIG. 2A, the microfluidic channel
208 1s disposed within the substrate 202 such that at least three surfaces of the channel
208 are formed from the substrate 202 and a fourth surface of the microfluidic channel

208 is the surface of the single diamond crystal 204 with the NV centers 210.

[0028] The substrate 202 may be formed of, for example, a polymer such as
polydimethylsiloxane (PDMS). In some embodiments, the substrate 202 is optically
transparent such that photons emitted from the sample while within the microfluidic
channel 208 may be received by a sensor. For example, the substrate 202 may be formed
from an optically transparent material and/or be sufficiently thin (e.g. about 100 nm) to
permit photons to leave the substrate 202. The substrate 202 need only be optically
transparent over certain wavelengths, as determined by the wavelength of the photons of

interest.

[0029] The single diamond crystal 204 comprises NV centers 210 that are implanted
within 10 nm of the surface of the single diamond crystal 204 such that the target analyte
206 passes proximate the NV centers 210 as the target analyte 206 passes through the

microfluidic channel 208.

[0030] In use, the target analyte 206 is passed through the microfluidic channel 208
as light from light source 212 is illuminated on the NV centers 210 disposed in the
surface of the single diamond crystal 204. This illumination induces a large degree of
spin alignment in the NV centers 210. As the target fluid 206 passes proximate the NV
centers 210, this spin alignment is induced in the atomic nuclei and/or electrons in the
target analyte. This induced spin alignment in the nuclei or electrons may then be sensed
in a traditional manner (e.g. irradiation with radio waves and the like). For example, the

system 200 may be inserted into a detector as shown in FIG. 2B. Unlike traditional
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approaches, the spins that are induced using the disclosed method have a greater degree

of spin polarization, resulting in a more sensitive method.

[0031] FIG. 3 is a schematic depiction of a nuclear spin polarization system 300. A
target analyte 306 circulates trough a microfluidic channel 208 and between closely
spaced diamond walls 304 whose surfaces have been implanted with shallow NVs (not
shown in FIG. 3). The NVs are, in one embodiment, disposed with 10nm of the surface

of the diamond walls 304.

[0032] In use, light from a light source is illuminated on the NVs in the diamond
walls 304. The spins of the NVs achieve alignment. A target analyte passes through the
microfluidic channel 308 while a magnetic field Bo is applied and comes in contact with
the now-polarized spins of the NVs and spin polarization is induced in the atomic nuclei
and/or the electrons of the target analyte. This induced spin alignment may then be

sensed in a traditional manner.
Theoretical Basis

[0033] Hyperpolarization involves the preparation of a (nearly) pure and easily
replenishable quantum state (via optical absorption, for example), with concomitant
coupling of that state to either nuclear or electron spin angular momentum. The
technique has evolved through many disciplines to now include commercially available
machines for delivery of hyperpolarized xenon gas (via optical pumping) and
hyperpolarized solvents for analytical NMR (via dynamic nuclear polarization, DNP).
Such machines are promising, yet their utility is confined to a limited class of problems
(e.g. Xe gas) or require expensive and highly complex instrumentation (e.g. gyrotrons).
The methods disclosed herein use a chemically stable, easily available, and deeply
understood source material that obviates at least some of the shortcomings of the prior

art. One such source material is diamond.

[0034] The nitrogen vacancy [NV-] color-center in diamond is a well-studied defect.

The science that underpins this "artificial molecule" provides an opportunity to exploit a
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profound new type of optical pumping of spins. A fortuitous combination of electronic
structure, intersystem crossing rates, and selection rules allows the [NV-] ground state
spin-triplet (S = 1) to completely convert into the ms = 0 magnetic sublevel upon optical
illumination. The disclosed method makes this "hyperpolarized" quantum state of the
[NV-] center the source for schemes to couple into nuclear, or other electron, spin states
across the diamond interface to target solids, liquids and gases. Defects or impurities in
SiC or Si and rare-earth ions in wide-bandgap materials, are also contemplated for use
with the disclosed methods, and virtually all of the discussion regarding [NV-] applies to
these other types of defects. Of particular note is the observation that two of the defects
associated with commercially available HPSI 4H-SiC ("PL5" and "PL6") can be optically

polarized at room temperature. Something similar can be said about Ce ions in YAG.

[0035] Specified quantum states within the diamond and related families of optically
active defects were prepared. These quantum states may be coupled to other defects or
proximal NMR-active nuclei (such as 1*C). Various schemes were considered to transfer
this polarization from optically active defects across interfaces. In addition to this "spin
engineering," materials engineering was employed such that defects will be placed at
locations appropriate for extending hyperpolarization across interfaces. Thus, the defect
engineering and spin dynamics of flat diamond (and related materials) interfaces forms

one body of work.

[0036] A second body of work focuses on microfluidics devices for directing
unpolarized target analytes over polarized diamond and other interfaces. These interfaces
are designed to optimize spin polarization transfer mechanisms and fluid flow through
polarized or channels carved in diamond or related material platforms. An example of
such a system would be microfluidic channel(s) etched from diamond and implanted with
an appropriate number density of [NV-] or related defects. Finally, nano-sized crystals
(e.g. nanodiamond) may be distributed in a packed-bed type arrangement to provide bulk
quantities of hyperpolarized fluids. This device design is complicated by the lack of

control over nanoparticle orientation with respect to optical excitation or applied

10
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magnetic fields. This complexity, however, also affords an opportunity to exploit

different magnetic sub-levels other than the ms=0 state of [NV-] diamond.

[0037] The antecedent for the delivery of hyperpolarization to arbitrary external
systems is the generation of nearly pure quantum states at (or near) the host-target
interface, then the transport of polarization across that interface to the target medium.
Diamond single crystals were implanted with [NV-] and modeling was conducted to
determine how and where defect centers are generated. These studies provide recipes for
the placement of [NV-] centers at optimal locations and "per unit volume" concentrations.
In parallel with these defect-engineering schemes optimal transfer of [NV-] pure state
pumping into proximal electron and nuclear polarization within the diamond interface
was studied. The transfer of that polarization across the flat interface to the target
material was also engineered. These topics are described in more detail elsewhere in this

disclosure.

[0038] Ion-implanted samples exhibit exceptional properties such as [NV-] lifetimes
of 0.2 ms (or higher in 13C depleted crystals). The distance to the surface can be
accurately controlled by choosing adequate implantation energy, whereas the use of °N
ions allows for easy discrimination from native defects (the triplet in the magnetic
resonance spectrum of an [NV-] yields a doublet when '“N (a spin-1 nucleus 99.6%
abundant) is replaced by >N (spin-1/2)). In addition to conventional ion implantation
techniques, Hydrogen annealing may also be useful as an additional procedure for
modifying the "depth-distribution" of [NV-] centers. The "quantum fidelity" of these
engineered interfaces may be assessed via Hahn Echo ODMR sequences to show

coherences in the 0.1-0.2 ms range.

[0039] The [NV-] system is fascinating in that the dominant spin dynamics changes
markedly when moving from high to low magnetic fields. In this latter regime,
polarization transfer to nearby spins has been demonstrated by "tweaking" energy levels
via small to modest Zeeman effects. In the absence of an applied magnetic field, the

large [NV-] zero-field splitting creates an energy mismatch between the [NV-] and

11
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nearby spins, making spin flips energetically unfavorable. An external magnetic field
(50mT), however, can be used to bias the excited state triplet to a level anticrossing
where the zero-field and Zeeman terms cancel, making the hyperfine coupling dominant
and energetically allowing spin flips between the [NV-] and nearby spins. More
advanced procedures, such as double resonance protocols that allow spin exchange via
dressed states, can enable the transfer of polarization in the absence of strong magnetic
fields. Other nuclei (C, N,H, etc.) are also contemplated for use with the disclosed

methods.

[0040] There are several motifs for the transfer of polarization from diamond
surfaces to target nuclei external to the diamond. These motifs were categorized into
three classes: those governed by direct interactions between [NV-] and external nuclet,
those that utilize '*C nuclei hyperpolarization within "optically pumped" diamond, and
those mediated by other paramagnetic centers at diamond surfaces. All three

mechanisms are described in this disclosure.

[0041] The direct interaction between [NV-] centers and nuclei external to a
diamond surface can be accomplished for example, by [NV-]-'H double resonance.
Sensing of the resulting nuclear spin polarization can be carried out by using a more
dilute set of NV centers as magnetic probes. In this latter case, spin noise fluctuations

from protons external to the [NV-] may be detected in fluoresence.

[0042] The transfer of polarization from [NV-] to protons is accomplished in several
ways. In one approach, small Zeeman fields are employed to adjust [NV-] energy levels.
For example, applying an external magnetic field of about 500G parallel to the [NV-]
axis allows the hyperfine exchange terms in the [NV-] Hamiltonian to become dominant.
Another class of experiments employ double resonance experiments to energy-match
[NV-] states with protons in the rotating frame, an agenda that follows directly from

Hartmann and Hahn.

12
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[0043] Transfer from hyperpolarized '*C nuclei at the diamond surface to mobile

species provide another strategy for preparing finite volumes of highly polarized solvents.

[0044] The first generation of devices for delivering hyperpolarization from a source
material (diamond, SiC, or wide-bandgap semiconductors) to target fluids employs
microfluidics. To realize efficient spin polarization of a liquid for NMR studies, a
diamond microfluidic device combines four sub-components: (i) fluid control, (ii) spin
polarization in in the source material, (iii) spin transfer from the source to the fluid, and
(iv) electronics for spin manipulation (and if necessary, readout) of the color center spin.
If, for concreteness, we assume diamond as the source material, the central component of
the microfluidic device is the "diamond spin-polarizer" (DSP), a diamond crystal
engineered to host high density of NVs near the surface. Upon green light illumination
NV centers in the DSP spin polarize and then transfer this polarization to a liquid via
microfluidic interfaces consisting of deep channels etched into the diamond chip (see, for
example, FIG 2 or FIG. 3). The spin polarizer terminates in a microfluidic channel that
leads to an NMR detection region on the chip. Micro-fabricated wires are integrated in
the polarizer region to uniformly and precisely control the spin polarization within the
diamond region. Microfabricated induction coils in the detection region of the
microfluidics device serve to detect the polarization of the liquid. By using a multitude
of microfabricated coils, it is possible to generate a wide range of magnetic field patterns

and gradients.

[0045] In one embodiment, the spin polarizer's microfluidic channels are closely
packed to maximize the surface area between the diamond and the fluid that is moving
through the channels. Maximizing diamond surface-to-fluid volume is desirable since,
regardless of which polarization transfer mechanism dominates, the coupling will scale as

1/R3. Thus the microfluidic device uses high aspect-ratio channels in diamond.

[00406] Fabrication processes for producing high aspect ratios in diamonds are
known that use, for example, plasma etching. These processes enable the fabrication of

thin, tall walls of diamond by vertically etching a commercially available high-purity
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single-crystal diamond plate. To produce slabs that are nearly vertical and deep, a
process that alternates between plasma etching and mask deposition steps may be used,
similar to the Bosch process used in deep reactive ion etching. This process enables
vertical nano-slabs with aspect ratios (height/thickness) of about 50, including 200 nm

thick nano-slabs that are 10 micrometers deep.

[0047] The vertical slabs are embedded with [NV-] centers in a variety of ways. If
constructed of high-purity diamond with a N-defect concentration near 10 parts per
million (ppm), the limiting 'reagent' in the [NV-] generation process is the vacancy.
Vacancies may then be created by high-energy electron irradiation of 3.5 MeV or with
100 keV He?" ion irradiation. The samples are then annealed at 800 °C for several hours
to liberate vacancies, which preferentially bind to N atoms. Because high electron and
He?" energies are used, [NV-]s are created throughout the volume of the diamond sample.
It is noteworthy, however, that the relative abundance of N centers may actually be

beneficial for spin transfer.

[0048] If the diamond substrate is made of ultra-high-purity diamond with an N-
defect concentration of 10 ppb or less, it may be desirable to implant both N atoms and
vacancies. Efficient [NV-] generation may be provided by implantation of '°N at varying
depths, using different acceleration energies that yield a mean depth of one nanometer per
keV of acceleration energy. In those situations where the vacancies are still too sparse
and not co-located well with the N stopping range, then additional implantation of '2C or
He”" may be performed to create vacancies at the desired depth. It may be desirable to
create [NV-] centers throughout the vertical slabs. In these ultra-high-purity diamond
samples, repeated °N implantation at a range of energies from about 5 keV to about 1
MeV may be desirable. The diamond sample may be positioned at a slight angle with
respect to the ion beam to create [NV-]s in the surface of the vertical diamond

membranes.

[0049] Fluid dynamics poses some additional challenges, since laminar flow of

solvent through the diamond channels could potentially result in poor overall spin
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polarization as the central solvent current would have little contact with the spin-
polarized diamond wall and hence experience only slow spin polarization. Care should
be taken to reduce laminar flow and increase turbulent flow. In one embodiment, the
aspect ratio is developed to fabricate walls with a spacing down to 140 nm and thickness
down to 80 nm, while maintaining a 10 micrometer depth, to improve the spin transfer

interface region.

[0050] Other paramagnetic defects in diamond can effectively increase the
polarization density of the diamond. Although these "dark spins" do not have the optical
pumping properties that make the [NV-] attractive, they can serve as effective
"amplifiers" that increase the overall polarization because they are influenced by nearby
[NV-]s. In addition, since electron-electron dipole coupling is strong compared to
nuclear-electron coupling, the interaction of [NV-]s with these defects occurs over longer
length scales. Consequently, these defects may serve to transfer the polarization of bulk

[NV-]s to spins far from the diamond surface.

[0051] The disclosed methods provide the ability to polarize protons in water to
about 0.1% or more, representing at least a 100-fold improvement over what is possible

with the world's most powerful NMR magnets.
Nanodiamond-based dynamic nuclear polarization

[0052] In one embodiment, the fluid is injected through a porous gel (such as those
used in commercial filtration matrices) whose inner surface has been coated with
engineered diamond nanocrystals. This nano-crystalline diamond structure provides an
alternative to the microstructured single-crystal diamond. Compared to single-crystal
diamond, the higher surface-to-volume ratio ensures a better contact between the fluid
and the diamond. However, because the nanocrystals (and thus the [NV-] symmetry
axes) become randomly oriented in this device, only a small fraction of [NV-]s can be
properly manipulated, a limitation that makes [NV-] optical pumping not necessarily the

best strategy to polarize a target fluid.

15

Date Regue/Date Received 2020-08-20



[0053] Unlike the nitrogen-vacancy center, the typical paramagnetic defect in
nanodiamond is optically inactive (and thus cannot be polarized by visible illumination).
However, while [NV-]s are normally absent in small diamond particles, other defects
(such as those formed by surface dangling bonds or substitutional nitrogen) can be quite
abundant and thus serve as an appealing resource for DNP experiments. Indeed, dynamic
nuclear polarization using silicon nanoparticles has been demonstrated recently, but good
polarization efficiency could only be attained at low temperatures, mainly due to the poor
spin relaxation characteristics of the paramagnetic defects active in these particles. In the
disclosed methods a much more controlled (and favorable) scenario is provided,
particularly given the possibility of nanoparticle engineering, and the ability to gather
relevant information on the dark-spin ensemble beforehand, even at the level of a single
nanoparticle. For example, a double resonance protocol may be implemented in which
the response to a Hahn echo sequence from a single [NV-] is monitored as simultaneous
microwave of variable frequency are applied using a second control channel. The [NV-]
echo signal drops as a dark-spin resonance is crossed, thus allowing indirect reconstruct
the spin-bath EPR spectrum from an individual nanoparticle. For this particular case, a
detailed examination shows that a major fraction of the spin bath (50-70 %) is formed by
substitutional nitrogen (a spin-1/2 defect) with a number concentration on the order of a
few hundred parts per million. An important contribution is also found from surface
defects, likely dangling bonds. Remarkably, these defects have a narrow frequency
distribution corresponding to a well-defined g-factor of approximately two and share with
the nitrogen ensemble a common coherence and spin-lattice relaxation time (of order 0.6

is and 0.5 ms, respectively).

[0054] Compared to the typical DNP experiment in a fluid — often exploiting the
nitroxyl radical from molecules in solution such as TEMPO — the use of engineered
diamond nanocrystals has several important differences. For one, nitroxyls cannot be
polarized optically so in this case radio-frequency or microwave is used to saturate spin
transitions. This operation results in an enhancement of the target spin system but the

enhancement is comparatively lower than that possible with NV centers. Further,
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paramagnetic centers resulting from near-surface defects are not necessarily affected by
hyperfine splittings (since 99% of the carbon matrix is spin-less), implying that multiple
transitions can be irradiated simultaneously. This situation is in contrast with that found
in nitroxyls, where only one of the three possible transitions is typically excited, thus
leading to an effective enhancement factor of about one third the maximum possible.

The concentration and class of defects in the nanocrystal can be engineered by adequately
selecting the type and intensity of the high-energy beam during sample preparation (e.g.,
exposure to an electron beam will create less crystal damage than irradiation by heavier
ions) and the final number of surface defects can be further controlled via surface
termination. Also, because the diamond nanoparticle is attached to the matrix surface, it
does not contaminate the target fluid in any way. Because diamond nanocrystals are non-
cytotoxic and largely biocompatible, it is possible to envision multiple extensions where
the nanocrystal is embedded within the system under investigation (e.g., a cell), either to

induce nuclear spin polarization in sifu, or to introduce various forms of imaging contrast.

[0055] FIG. 4A depicts a composition that has the ability to dynamically transfer
polarization from an [NV-] spin to surrounding paramagnetic centers in an individual
diamond nanoparticle. In the embodiment of FIG. 4A, a nano-sized diamond substrate is
surface implanted with at least one NV center. The surface may also be enriched for C-
13 and functionalized with N donors. FIG. 4A shows the AFM image and the NV-
detected spectrum of paramagnetic centers in the individual nanocrystal. The black solid
line 1s the calculated response for nitrogen donors. In this example a Hartman-Hahn
protocol is used where both the [NV-] and dark spins are subjected to resonant pulses of
microwave excitation of the exact same amplitude. While energy mismatch generally
prevents flip-flops between different spin species in the lab frame, polarization can be
transferred in the rotating frame when the amplitudes of the two simultaneous microwave
fields are chosen to produce equal Rabi splittings. An interesting feature of this approach
is that it allows not only to dynamically pump the bath polarization but also to

simultaneously probe the level of polarization attained, at least in the [NV-] vicinity. For
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this purpose, a spin transfer blockade is used, i.e., the idea that spin transfer from the

[NV-] into the bath is partly inhibited when neighboring spins are already polarized.

[0056] FIG. 4B depicts a device 450 with geometry similar to that used to fabricate
diamond-based FET transistors. A pair of electrodes 452 (e.g. boron-doped electrodes)
injects carriers into the boron-delta-doped layer. Layers of NV-rich diamond 456
separated from the boron layer by intrinsic diamond are also created. The NV-rich layers
are spin polarized upon exposure to light. When carriers circulate through the boron-
doped layer, spin relaxation caused by interactions with neighboring NVs lead to carrier

spin polarization.

[0057] In FIG. SA-D this concept is experimentally demonstrated by increasing the
time interval separating consecutive applications of the Hartman-Hahn sequence
(triangles in FIG. 5C). Spin diffusion and relaxation during the extra time reduces the
average dark spin polarization in the nanocrystal, hence bringing the equilibrium [NV-]
signal nearer to zero. A more detailed examination shows that at optimum pumping
conditions the dark spin bath polarization reaches approximately 50% in the vicinity of
the [NV-], and averages about 5% throughout the nanocrystal volume, a promising result

for a room-temperature experiment.

[0058] Besides polarizing electronic spins, the Hartman-Hahn protocol can be
adapted to transfer polarization to nuclear spins as well. Given the large differences
between the electronic and nuclear gyromagnetic ratios (typically exceeding three orders
of magnitude), energy matching in the rotating frame is impractical. This problem,
however, can be circumvented by a hybrid, laboratory/rotating frame matching in which
the amplitude of the electron spin-locking microwave is chosen to produce an energy
splitting coincident with that induced on the nuclear spins by the static magnetic field.
Such strategy has already been used extensively to dynamically polarize 1*C spins in bulk
diamond with large nitrogen content and, more recently, in high purity crystals using

optically pumped [NV-]s. Naturally, the same principles can be extended here to polarize
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nuclei other than *C, a tantalizing possibility made all the more plausible by the already

mentioned demonstration of proton spin detection using shallow [NV-]s.
Nuclear spin polarization via paramagnetic-center-induced relaxation

[0059] The spin of such centers can serve as a versatile nanoscale probe, capable of
detecting, for example, the nuclear spin field created by molecules on the diamond
surface. This specification discloses a complementary application where, rather than
acting as a sensor, the NV is engineered and manipulated to serve as the source of nuclear
spin relaxation. For shallow NVs continuously pumped into a pre-defined spin state, we
show that the magnetic fluctuations arising from molecular surface hopping drive
adsorbed nuclear spins into a quasi-equilibrium state of athermal polarization. The sign
and amplitude of this polarization is a sensitive function of the NV depth and surface
geometry. In particular, nanoscale roughness at the interface separating the NVs from the
adsorbed molecules plays a key role in making nuclear spin relaxation sufficiently strong.
For a given surface topology, the resulting nuclear magnetization changes sign as we
gradually displace the NVs towards the diamond surface. Using microfluidic modeling it
is shown that substantial nuclear spin polarization can be attained by flowing the
molecules of a gas or a liquid across an optically pumped diamond nanostructure. The

technique may be referred to as NV-driven dynamic nuclear polarization or NV-DNP.

[0060] To model the dynamics of spin relaxation between paramagnetic centers and
nuclear spins in a fluid we start by considering the ‘diamond spin pump’ geometry of
shallow NVs within a source diamond crystal. The NVs are continuously driven into the
state mg = 0 of the NV ground state triplet via green light illumination. A dc magnetic
field B normal to the crystal surface and coincident with the NV symmetry axis breaks
the degeneracy between the mg = +1 states. A microfluidic structure brings the
molecules of a target gas or liquid in contact with the source crystal. A fraction of these
molecules is temporarily adsorbed onto the diamond surface causing a dipolar magnetic
interaction with the NVs. As molecules sample different positions within the surface,

this interaction randomly evolves in time with a characteristic correlation time .. For a

19

Date Regue/Date Received 2020-08-20



sufficiently dilute collection of NV centers the dynamics can be simplified to that of

individual spin pairs, in the present case formed by an NV and a nuclear spin /=1/2.

[0061] Ignoring for now molecular exchange with the bulk of the fluid, detailed
balance between the populations in the different energy levels yields the steady-state

polarization of adsorbed nuclear spins

P (mg = 0)
(W, — W)

= - N (2)
TlI

where 1/ Tl(,a ) is the nuclear spin relaxation rate on the diamond surface due to processes

other than the interaction with the NVs. In the above expression the transition rates have
ngc

the form W; =
1+((wf - DI 2w Yrc)

= for j=0,2 with 7. denoting the correlation time of

the adsorbed molecules; w; = y;B is the nuclear Zeeman frequency, a)l(v}l) =

W crys — [vs|B|is the mg = 0 = ms = —1 NV transition frequency with wg,ys =

2 X 2.87 GHz, the zero field splitting of the NV ground state, and ¥, (ys) denotes the
nuclear (electronic) spin gyromagnetic ratio. Eq. (2) is a simplified expression
approximately valid when 7, > 0.2 ns and B > 30 mT which are typical conditions; a
formula valid for all correlation times and magnetic fields can also be derived. &; with
j = (2 are constants quantifying the efficiency of the NV-induced nuclear spin
relaxation, which depends strongly on the geometry governing the interaction between
the NV and adsorbed nuclear spins. If the crystal is flat on a scale much larger than the
NV distance to the surface (referred to as case (1)), a calculation assuming dipolar

] h2k? . .
w HAZ —, z is the NV distance to the

coupling shows that £, = fz(i) = (0.19y, where y =

surface, k = poy;ys/4m, and 1/A = o is the NV surface density. Since typically

a)l(v}l) > w;, W, and W, converge to similar values so that the steady state polarization,
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proportional to the difference between the two, is greatly diminished. This cancellation is
a fortuitous consequence of the angular dependence governing the spin dipolar
interactions between the NV and adsorbed nuclei, and can be altered by changing the

system geometry.

[0062] One possibility is to align the magnetic field with the NVs whose axes are not
perpendicular to the crystal surface. Here, however, we are particularly interested in the
effect of surface topology: In FIG. 6A P,(a) (mg = 0) is plotted as a function of the
applied magnetic field B and correlation time 7. for three different configurations, where

the NV is below a flat surface (case (1)), a dome (case (i1)), or a cylindrical pit (case (iii)).

For simplicity, the top set of curves corresponds to the case where 1/ Tl(,a ) 0.

[0063] FIG. 6A shows a remarkable change in the polarization amplitude and a sign
reversal as the diamond surface evolves from a convex to a concave geometry (cases (ii)
and (ii1), respectively). The maximum nuclear spin order is attained near B.=100 mT,
where a)l(v}l) is minimum, but substantial levels of nuclear polarization persist over a
broad range of magnetic fields and correlation times. Level-anticrossing effects near 5.
— not contemplated here — may lead to localized deviations from the presented model.

These, however, are restricted to a narrow interval (of order =5 mT or less in 1*C-

depleted diamond) and will be ignored throughout the remainder of the text.

[0064] In practice, adsorbed nuclear spins simultaneously experience multiple
relaxation mechanisms, most importantly due to interactions with other, unpolarized

paramagnetic centers within the diamond crystal. To assess the influence of these
mechanisms on the adsorbed nuclear spins P,(a) (mg = 0) was recalculated in the case

where 1/ Tl(la ) takes the value comparable to (W, + W}),,, where the subscript references
the maximum NV-induced relaxation rate (bottom set of curves in FIG. 6A). We find
that the polarization buildup is now restricted to a narrower range of magnetic fields, the
effect being substantially more pronounced for the concave geometry (case (ii1)). The

latter is a direct consequence of the comparatively weaker NV-induced relaxation in this
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configuration: A direct calculation shows that the constants governing the transition

probability amplitudes in a pit-like geometry are respectively given by féiii) = 0.17x and

éiii) = 0.02y. By contrast, a convex topology in the form of a dome yields vféii) =

$2—%o

&2+ d

0.53y and féii) = 3.53y. Therefore, and while the ratio

~0.75 is comparable in

both instances, the values |&, + &,| are approximately 20 times greater in case (ii),
making this convex geometry less sensitive to other, coexisting paths of nuclear spin

relaxation.

[0065] Although our discussion so far has been restricted to the case where the NV
is selectively pumped into mg = 0 of the ground state triplet, it is interesting to consider
an alternate scenario where the NV population is steadily driven into, e.g., mg = —1.
Experimentally, this could be accomplished by concatenating intervals of laser excitation
with selective microwave inversion pulses on a sufficiently fast time scale. Detailed

balance yields in this case

P (ms = -1)

L wm-wy) .
WHJM+%+%$
Tl 1

with W; = Hf;—ri)z By the same token and assuming selective NV pumping into mg =
Itc

+ 1 we obtain

PO (ms =+
(W, — W)

= Y 4
(WZ-I- 2 + Vl/b-l-m)

11
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&iTc

1+{(w§P - 1120 )rc)

= with j=0,2 and “)z(vT/l) = Werys 1 |¥s|B. A plot of Egs.

where W] =

(3) and (4) as a function of the magnetic field and correlation time is presented in FIB. 6B

for the geometry of case (ii) and in the absence of intrinsic nuclear spin relaxation
1/ Tl(,a ) ~0). Relative to the top set of curves in FIG. 6A, we observe major changes in

Pl(a) including a sign reversal and a redistribution of the nuclear spin polarization into a
narrower range around B. (for NV pumping into mg = —1) or toward shorter correlation
times (when mg = + 1). The overall conclusion is that NV pumping into mg = 0 is not
only the simplest way to induce nuclear spin alignment, but presumably the most

efficient.

[0066] It is of interest to study closely the influence of other paramagnetic defects on

P,(a). Particularly important is the role of substitutional nitrogen (also called P1 center), a
paramagnetic impurity (PI) of spin number 1/2: Because most NV conversion protocols
have only a fractional yield, nitrogen impurities are present in all NV-doped surfaces,
typically at a higher concentration. Conceivably, P1 centers can be dynamically
polarized via contact with optically pumped NVs, and thus can themselves contribute to
aligning adsorbed nuclear spins. FIG. 6C shows the predicted nuclear spin polarization
for a model where nuclear spin relaxation is governed by spin-1/2 paramagnetic centers
polarized to mg = + 1/ 2. Not surprisingly, we find a dependence on the surface
topology comparable to that of FIG. 6A; due to the absence of a crystalline field,
however, dynamic nuclear polarization is restricted to comparatively shorter correlation
times and lower magnetic fields. This behavior is of interest not only when paramagnetic
impurities drive nuclear alignment but, perhaps more importantly, when unpolarized Pls

compete against polarized NVs. In this latter case, we model the relaxation rate of

adsorbed nuclei as 1/ Tl(,a ) ~(W, + 2W, + W)PD where the superscript indicates that
the transition probabilities are those due to a spin-1/2 paramagnetic defect. Because of

the distinct dependence on 7, and B, the polarization loss — captured by the factor

-1
Tl(,a )(WZ + W)W )] — can be mitigated via an adequate selection of the working
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conditions (i.e., magnetic field, temperature, surface roughness, etc). In other words, the
detrimental effect of unpolarized PIs on the dynamical polarization of adsorbed nuclear
spins can be significantly suppressed, even for comparatively greater concentrations of

paramagnetic defects.

[0067] A question of practical importance in the implementation of NV-DNP is how
to best engineer the surface topology. From the results in FIG. 6A, FIG. 6B and FIG. 6C,
we surmise that a convex geometry is among the most favorable, but arraying a set of

NV-hosting, nanometer-sized domes is challenging with present technology.

[0068] We model an arguably more realistic scenario where engineered NVs occupy
random positions across a horizontal plane of arbitrary height z along the surface normal;
with this assumption, a smaller fraction of the plane becomes available to the NVs as z
becomes greater than z,, the height at the deepest valley point. Such configuration
could be attained, for example, by controllably etching the surface of a delta-doped
diamond. For the present calculations we assume that the roughness amplitude along the
surface normal amounts to 5 nm (and choose the reference frame so that z,,»=5 nm and
zmin=0 nm). To account for the deleterious effect of bandgap-bending, we also assume

that the NV's become inactive once the distance to the surface falls below 0.7 nm.

[0069] Provided complete optical pumping of the NV into the ms = O state, we
obtain a direct measure of the nuclear spin polarization efficiency via &, — {, — the
difference between transition rate constants — which we calculate as the NV position is
varied across a given horizontal plane at a fixed height z. See FIG. 6D. For NVs deep
below the diamond surface (i.e., when z<0), we find that &, — &, closely follows the
surface topography. This can be most clearly seen by considering a map at z=-3 nm,
where &, — &, takes negative values below the valleys but turns positive underneath the
crests (geometries corresponding to cases (iii) and (i1) in FIG. 6A, respectively). Overall,
the average (§, — &,) over the entire plane is negative below z=0 because NVs are

preferentially closer to nuclear spins in the surface valleys. As the NV depth is

24

Date Regue/Date Received 2020-08-20



increasingly reduced, {, — &, preferentially turns to positive, resulting in positive
averages when z>0 (main plot). The change is abrupt and takes place on a scale of just
about 3 nm. An identical trend was observed after replacing the model surface by other
similar code-generated surfaces implying that the calculated averages are representative
of this type of surface as a whole. Interestingly, the positive section of the calculated
curve (with maximum at z = 2 nm) completely dwarfs the negative tail (with minimum
at z =~ —1 nm), which we interpret as a direct consequence of the greater values adopted
by &, — &p in a convex geometry and near hillsides and cliffs. The latter is implicitin a
maps of &, — &, at z>0, where we observe large, positive contributions (i.e., sections

where the N'Vs collapse due to proximity to the surface).

[0070] The predominant configuration between shallow NVs and adsorbed nuclei
(and thus the range and maximum amplitude of (£, — &,)) may be controlled by the
experimenter through an adequate selection of the roughening protocol. This is shown in
by, for illustration purposes, calculating &, — &, for three new code-generated surfaces.
The roughness amplitude is chosen to be 5 nm but the code is modified to alter the
frequency and spread of the valleys and crests throughout the surface. We find that

(&, — &) reaches a higher maximum when the surface is comparatively more rugged.
The positive section of the curve, however, spreads over a narrower range, which, in
practice, would make this topography more susceptible to NV misplacement. We
observe the exact opposite as we generate smoother-looking surface features, with a

mesa-like behavior emerging.

[0071] Whether to introduce surface roughness before or after NV implantation is a
decision likely to be influenced by a number of factors throughout the various surface
preparation steps. Material processing considerations notwithstanding, the answer is not
obvious when the analysis is restricted to the surface topology: When the NVs are
distributed over a horizontal plane (as assumed thus far), deep surface roughening
selectively removes the color centers near the valleys (where &, — &, is negative),

presumably leading to stronger NV-DNP. This argument may be deceiving: The value
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(&, — &) may be recalculated for the same three model surfaces. Unlike the main plot,
we assume this time that the NVs have been implanted at a uniform depth d relative to
the local height z(xy ) of the roughened diamond surface. We find a remarkable change
in the overall behavior towards a sharper dependence on NV position and higher maxima.
We observe a reversal of the trend in the main plot, with more coarsely grained surfaces

leading to greater (&, — &;) values.

[0072] NV surface density and implantation depth are additional practical facets
worth considering in some detail. NV centers engineered as close as 1 nm from the
surface have been shown to retain the relatively long coherence lifetimes required for
spin sensing. Similar fabrication protocols could be adapted to the present application so
as to create dense layers of near-surface NVs. We emphasize, however, that the spin-
lattice relaxation times 7;s governing the NV dynamics (typically 100 microseconds in
nanocrystals and up to 10 ms in high-purity bulk crystals) need only be longer than the
correlation time 7, characterizing molecular hopping on the diamond surface (anticipated
to be much shorter, see below). Thus, NV surface densities exceeding 10'2 cm™ at a
depth of 1-2 nm below the surface are realistic in the present application without any

immediate deleterious effect.

[0073] The numerical modeling of the nuclear spin polarization of a fluid partly
relies on the assumed correlation time, which depends on the physics governing the
dynamics of the target molecules near the diamond surface. Adsorbed molecules in
gases, for example, hop from one site to the next during a dwell time 7, > 7, until

finally desorbing from the surface. The fractional time f = 7,/7; that a molecule spends
on the solid relative to the time 7, in the bulk of the fluid is a thermally activated function
that depends on the surface potential (and thus on the surface roughness and termination)
of the particular solid surface under investigation. This type of dynamics is observed,
e.g., in the study of optically-pumped alkali vapors, where the correlation time 7, — in

this case governing the interaction of nuclear spins in the vapor with paramagnetic
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defects on the surface of the glass container — can be quite long for typical operation

conditions.

[0074] The dynamics of molecules at a solid-liquid interface are less understood:
Several studies have demonstrated how solids induce order in adjacent fluids but various
boundary conditions are invoked, ranging from the no-slip condition — where the liquid
is static relative to the solid at the surface — to pure slip, to multi-layer locking. We
assume that the relevant processes at the solid-liquid interface can be described via an
effective correlation time 7. = 0.1 ns. This assumption is justified by noting that for NVs
sufficiently close to the surface, the unit time probabilities W; o« 1/ z* are non-negligible
over a range of a few nanometers, where the dynamics transitions from quasi-static (on
the surface) to mobile (in the fluid). Note that determining the exact correlation time is
largely unnecessary since, as shown in FIG. 6A, FIG. 6B and FIG. 6C, the steady-state
nuclear spin polarization is rather insensitive to 7. (at least for 7, = 0.1 ns). By the same
token, our formulas are valid regardless the type of trajectories molecules follow on the
surface (e.g., discrete or continuous hops), and thus are applicable to both liquids and

gases.

[0075] Building on the above considerations, we now proceed to model the dynamic
polarization of a bulk fluid brought in close proximity with shallow NVs optically-
pumped into mg = 0. FIG. 7A introduces a possible geometry: A microfluidic channel
steers the target liquid or gas into an optically-pumped diamond microstructure formed
by two parallel diamond walls separated by 0.5 micrometers. We assume that the NV
depth and nanoscale roughness of the diamond surface is chosen to optimize (¢, — &;).
To model spin transport in the microfluidics structure, we first note that the diffusion
time across the width z,, = 500 nm of the channel for a fluid such as water is 7,, =

zZ,/D = 109 microseconds (the self-diffusion coefficient for wateris D = 2.3 X 1077
m?/s). Since arguably 1, K |W, £ W,|™! < Tl(,b ) we look for solutions where the proton

polarization (I)(zyt ) ={I)(yt ) =1/z, fOZW(I)(zyt )dz is independent of z. In this
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limit the spin transport equation for NVs pumped onto mg = 0 in a magnetic field B =

110 mT reduces to:

_— = —{] -
ac ) =008 (Tf}v") ONGRON Tff”) 3)
2v (T} ox(I)
_?a—y(yt )+ D 57 Ot), )

where 1/T{" % forr Wy = Wolz, 0yl = 11/2), 1/TE =~ fopp (W, +

Wodlz, 00yl = 31/2), 1Ty = for WP 6(lyl = 11/2), 6(y) is the Heaviside
function, z, is the NV distance to the surface, forr = ;ivov (1—2z3/(z, + 2)?) is the
effective fraction of molecules in contact with the surface, 2v/3 is the average velocity

across the channel, and we have chosen the origin of the reference frame to coincide with

the midpoint of the implanted section of the channel, of length y;. We solve Eq. (6) and

determine the bulk fluid polarization Pl(b) (yt ) = 2(I)(yt ) numerically using finite-

difference forward integration over a large domain L in y to approximate boundaries at
infinity. The results for PI(b)(yt ) near the NV rich central region with (Sy) = 1/2, z, =
1 nm, y; = 50 micrometers, L = 1.6 mm, forr = 1.3 X 1073, Tl(lb) =10s, Wy, =15%
L Wol,, = 0.15 s, and WD = 1 g1 at two flow velocities v = yl/Tl(,b) =5
micrometers/s and v = 10 y;/ Tl(lb ) = 50 micrometers/s are shown in FIG. 7B. The limit
steady-state polarization possible in a channel whose length L coincides with the length

of the implanted section y; is (P,(b))

lim
~forr(Wo = Wo) /(Forr (W2 + W + WD) + 1/ 1) ~ —1.1 %, which is roughly a
factor of six larger than the maximum of 0.2% seen in the simulation. Thus, molecular

diffusion plays a significant role in reducing the polarization in a long channel. As a
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matter of fact, it is possible to determine the approximate ((P,(b))r 1G4 1) steady-state
im

solution P,(b)(y) for Eq. (6) if v = 0. One finds:

2
(Pl(b)) | 1—exp| — / cosh 4 if lyl < i
lim (b) DT(b) 2
(b) DTlI 11
B () = (6)
2
(P),, sinh | 2L |exp | L2 if vl <%
o pT®) pr®
. 11 11

Thus, the limit polarization in an infinite channel is (Pl(b)) (1 —
lim
exp <— v/ 4DT1(Ib )>> ~ —0.2 % in agreement with the simulation.

[0076] Since f « 1, the formula for bulk nuclear spin polarization when the NVs

are pumped into mg = 0 takes the approximate form
()~ —frP W, —wy), )
max

where Tl(,b ) is the nuclear spin-lattice relaxation time of molecules removed from the
walls. For example, for a typical protonated solvent — where Tl(lb ) is of the order of 5-10

s — one obtains (P,(b)) = —10~2 for realistic surface conditions (Supplementary
lim
Section S4). This latter value must be understood, however, as an upper bound since

molecular diffusion away from the illuminated area during the buildup time (of order
Tl(,b )) necessarily reduces the final nuclear spin polarization. This is illustrated in FIG.

7A, where the numerical integration of an adapted convection-diffusion equation yields a

peak proton polarization in water of 0.2%. This polarization is remarkably high
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considering that the thermal proton spin polarization in the assumed ~100 mT field

amounts to just 5 X 1077, Greater polarization levels may be possible in select gases —

where Tl(,b ) can be considerably longer than in a liquid, provided the target system can be

properly confined during the pumping process.

[0077] In a practical application, a tradeoft exists between the bulk polarization of
the outgoing fluid and the flow rate. The critical parameter is the transit time 7, across the
NV-implanted region. The stationary nuclear spin polarization of proton spins in bulk
water was calculated during transit and after exiting the diamond microstructure for two
different flow rates. We find a level of polarization similar to that obtained in FIG. 7A
when 7, = Tl(lb ), though in the regime of continuous flow the polarized fluid can only be
transported over a distance comparable to the size of the implanted region (of length y; in
the sketch of FIG .7A). The opposite applies for greater flow rates, namely, the delivery
range increases at the expense of the final bulk polarization. Transport of optimally
polarized fluids over longer distances could be attained by illuminating a larger area (see
below), by operating in batch mode, or by making the transport channel narrower than the
polarization channel. The fluid polarization is approximately uniform throughout the
channel width z,, (see polarization map in FIG. 7A). The latter reflects the fact that the
diffusion time ,,~ zZ2 /D in a fluid of self-diffusion coefficient D (~100 microseconds
for molecules in water, the model fluid in this example) is typically much smaller than
the nuclear polarization time ~(W, + W)~ (of order ~1 s for the assumed magnetic

field and surface conditions).

[0078] From Eq. (7) we conclude that the limit polarization in the fluid is largely
dominated by the chosen working geometry via the fraction of time f << 1 molecules
spend in contact with the diamond surface. While further reducing the inter-wall
separation in the channel is an obvious way to increase £, an alternate route is to enhance
the overall surface via the use of 3D structures. For example, plasma etching techniques
already introduced for the scalable fabrication of nanowires and nanocrystals from single

diamond crystals could be adapted to produce a set of vertical pillars randomly
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distributed throughout an otherwise flat microfluidic channel. Along the same lines, one
can envision systems where the fluid permeates through diamond nanocrystals arrayed in
a packed-bed-type geometry. Further work will be required, however, to account for the

probabilistic alignment between the NV axis and the applied magnetic field.

[0079] The volume of maximally polarized fluid that can be generated per unit time
largely depends on the size of the optically pumped area, which, for the vertical
illumination assumed in FIG. 7A, would be restricted to less than ~(30-50 micrometer)?
for reasonable laser intensities (~1 mW/um? are typically required to pump NV centers
on the microsecond time scale). Geometries where light is injected laterally into thin
diamond sheets of larger surface area are, however, a conceivable way to circumvent this
limitation, especially if the sheets are embedded within cavity-like structures designed to

reflect and redistribute light efficiently throughout the entire surface.

[0080] NV-DNP could circumvent several complications found in other
hyperpolarization schemes. For example, unlike in para-hydrogen-based methods, no
chemical reaction is required, which also makes the polarization transfer insensitive to
the chemical structure of the target molecule (thus eliminating the typical antiphase
doublets in the resulting NMR spectra). NV-DNP shares the same hyperpolarization
principles governing the use of dissolved radicals or semiconductor nanoparticles, but the
NV optical pumping and the zero field spin splitting inherent to this defect make this
approach of special interest. Dynamic nuclear polarization of atomic and molecular gases
is a particularly interesting application as the fraction of molecules adsorbed on the
diamond surface — and thus the concomitant nuclear spin polarization, see Eq. 5 —

could be greatly enhanced by moderately reducing the gas temperature.

[0081] NV-DNP can be extended in several ways including the use of Hartman-
Hahn protocols to polarize near-surface paramagnetic impurities or 1*C spins, which can
then cross-relax with the nuclear spin of the fluid. For example, delta doping, diamond
overgrowth, and surface termination could be combined to create ultra-pure *C-enriched

films capable of transferring polarization to the outside fluid without the need for a direct
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coupling with the NV layer; further work, however, is needed to assess the efficiency of
these or similar schemes. By the same token, paramagnetic defects other than the NV
center could also serve as polarization sources; examples are the di-vacancy and silicon-

vacancy centers in SiC, and rare-earth ions in YAG.

[0082] It is worth highlighting the relative simplicity of the hardware required in a
practical implementation: Unlike the most advanced forms of DNP — integrating
sophisticated microwave instrumentation, a freeze-thaw cycle, and a sample-shuttling
protocol — an NV-DNP system would take the form of a compact optofluidic chip within
a bench-top magnet. This versatility could pave the way to numerous applications
including laboratory and point-of-care diagnostics, combinatorial synthesis and

screening, food safety, environmental testing, scientific studies of mass-limited systems,

and the detection of hazardous biochemical agents.

[0083] Rather than polarizing nuclear or electronic spins in molecules adsorbed to
the diamond surface one can also polarize mobile charge carriers (electrons or holes)

circulating near the paramagnetic centers.

[0084] This written description uses examples to disclose the invention, including the
best mode, and also to enable any person skilled in the art to practice the invention,
including making and using any devices or systems and performing any incorporated
methods. The patentable scope of the invention is defined by the claims, and may
include other examples that occur to those skilled in the art. Such other examples are
intended to be within the scope of the claims if they have structural elements that do not
differ from the literal language of the claims, or if they include equivalent structural

elements with insubstantial differences from the literal language of the claims.
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What is claimed is:

1. A method for polarizing nuclear or electronic spins, the method comprising steps of:

introducing an analyte into a channel, wherein at least one surface of the channel is a
substrate comprising a plurality of spin defect centers implanted within 10 nm of the
at least one surface of the channel;

exposing the spin defect centers to a magnetic field while the analyte is in the channel;

illuminating the plurality of spin defect centers with light to produce polarized spins in
the spin defect centers, the step of illuminating occurring while the analyte contacts
the at least one surface, thereby positioning the analyte within 10 nm of the polarized
spins; and

permitting the polarized spins in the spin defect centers to induce spin polarization in the

analyte.

2. The method as recited in claim 1, the method further comprising detecting the analyte

based on its induced spin polarization.

3. The method as recited in claim 2, wherein the step of detecting the analyte is performed
by irradiating the induced spin polarization in the analyte with an electromagnetic wave

and observing a signal produced by the analyte in response to the electromagnetic wave.

4. The method as recited in claim 1, wherein the spin defect centers are present in a
concentration between about 10'! and 103 spin defect centers per square centimeter

within 10 nm of the at least one surface.

5. The method as recited in claim 1, wherein the step of permitting the polarized spins in the
spin defect centers to induce spin polarization in the analyte causes at least 0.001% of the

analyte’s spins to be polarized.

6. The method as recited in claim 1, wherein the step of permitting the polarized spins in the
spin defect centers to induce spin polarization in the analyte causes at least 0.003% of the

analyte’s spins to be polarized.
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10.

11.

12.

13.

14.

15.

16.

17.

The method as recited in claim 1, wherein the step of permitting the polarized spins in the
spin defect centers to induce spin polarization in the analyte causes at least 0.001% of the

analyte’s spins to be polarized while the magnetic field is 1T or less.
The method as recited in claim 1, wherein the substrate is a semiconductor.
The method as recited in claim 1, wherein the substrate is a wide bandgap material.

The method as recited in claim 1, wherein the substrate is a silicon carbide substrate and
the spin defect centers are selected from the group consisting of PL5 defects, PL6 defects

and combinations thereof.

The method as recited in claim 1, wherein the substrate is a diamond crystal substrate and

the spin defect centers are nitrogen-vacancy centers.

The method as recited in claim 11, wherein the channel is a microfluidic channel having a

width of at least about 50 nm and less than about 50 microns.

The method as recited in claim 12, wherein the microfluidic channel has a depth of at

least 80 nm and less than 50 microns.

The method as recited in claim 12, wherein the microfluidic channel has a depth of at

least 100 nm and less than 10 microns.

The method as recited in claim 11, wherein the channel is disposed within a polymeric
layer disposed next to the substrate such that at least three surfaces of the channel are
formed from the polymeric layer and a fourth surface of the channel is the at least one

surface of the channel.

The method as recited in claim 11, wherein the channel is within the substrate such that at
least three surfaces of the channel are formed from the substrate one of which is the at

least one surface of the channel.

The method as recited in claim 16, wherein the at least three surfaces each comprise spin

defect centers within 10 nm of their respective surface.
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18. The method as recited in claim 11, wherein the at least one surface has a surface-

roughness with trenches having a depth of between about 5 nm and about 10 microns.

19. A substrate for polarizing nuclear or electronic spins, the substrate comprising a fluid
channel wherein at least one surface of the fluid channel comprises a plurality of spin
defect centers implanted within 10 nm of the at least one surface, wherein the spin defect
centers are present in a concentration between about 10'! and 10'3 spin defect centers per

square centimeter within 10 nm of the at least one surface.

20. The substrate as recited in claim 19, wherein the at least one surface is at least one

diamond surface.
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