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ABSTRACT: We demonstrate an all-optical method for magnetic sensing
of individual molecules in ambient conditions at room temperature. Our
approach is based on shallow nitrogen-vacancy (NV) centers near the
surface of a diamond crystal, which we use to detect single paramagnetic
molecules covalently attached to the diamond surface. The manipulation
and readout of the NV centers is all-optical and provides a sensitive probe
of the magnetic field fluctuations stemming from the dynamics of the
electronic spins of the attached molecules. As a specific example, we
demonstrate detection of a single paramagnetic molecule containing a
gadolinium (Gd*") ion. We confirm single-molecule resolution using optical
fluorescence and atomic force microscopy to colocalize one NV center and
one Gd*'-containing molecule. Possible applications include nanoscale and
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in vivo magnetic spectroscopy and imaging of individual molecules.
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Precision magnetic sensing is essential to a wide array of
technologies such as magnetic resonance imaging (MRI)
with important applications in both the physical and life sciences.
In particular, in biology and medicine functional magnetic
resonance imaging (fMRI) has emerged as a primary workhorse
for obtaining key physiological and pathological information
noninvasively, such as blood and tissue oxygen level and redox
status.' > Developing nanoscale magnetic sensing applicable to
individual molecules could enable revolutionary advances in the
physical, biological, and medical sciences. Examples include
determining the structure of single proteins and other
biomolecules as well as in vivo measurements of small
concentrations of reactive oxygen species that could lead to
insights into cellular signaling, aging, mutations, and death.*™”
The practical realization of these ideas is extremely challenging,
however, as it requires sensitive detection of weak magnetic fields
associated with individual electronic or nuclear spins at
nanometer scale resolution, often under ambient, room-
temperature conditions. Many state-of-the-art magnetic sensors,
including superconducting quantum interference devices
(SQUIDs),® semiconductor Hall effect sensors,” and spin
exchange relaxation-free atomic magnetometers,10 offer out-
standing sensitivity, but their macroscopic nature precludes
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individual spin sensing. Sensing ensembles of paramagnetic
molecules in biological and medical systems is currently
performed using bulk electron spin resonance (ESR), which
has a detection limit of roughly 107 electron-spins.'' Magnetic
resonance force microscopy has been used to detect individual
electronic spins but at cryogenic, milliKelvin temperature.'>"?
The nitrogen-vacancy (NV) center in diamond is a promisin
precision magnetic field sensor with nanoscale resolution.'*™"
Ensembles of NV centers in bulk diamond have been used to
sense paramagnetic molecules in solution'® with sensitivity of
~10* statistically polarized spins and spatial resolution of
approximately 450 nm; NV centers in nanodiamonds have
been used to sense paramagnetic ions covering the nanodiamond
surface'® and in a lipid bilayer formed around the nanodiamond
surface.”® Shallow NV centers have also been used to detect small
ensembles of nuclear s%)ins in samples covering the surface of a
bulk diamond crystal.”"** In this work, we covalently attach
target molecules to the diamond surface and demonstrate
nanoscale localization and magnetic sensing of individual
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Figure 1. Schematic of measurement setup and sample preparation. (A) Single-molecule electron spin detection using a single shallow NV center in bulk
diamond. Gd** molecules are attached to the surface of a bulk diamond crystal with widely separated NV centers located at a nominal depth of 6 nm
below the diamond surface. NV center optical pumping and fluorescence detection is performed using a confocal microscope (objective shown). (B)
Chemical procedure for attaching Gd** molecules to the diamond surface. EDC and NHS are used to activate carboxyl groups on the diamond surface so
that they react readily with Gd** molecules functionalized with amine groups.
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Figure 2. Co-localization of a single shallow NV center and a Gd** molecule. (A) Fluorescence image of a 7.5 ym X 7.5 jim area of the diamond crystal,
showing several gold nanoparticles (bright spots), and NV centers (less intense spots). Location of a single NV center, marked by a red square, was
determined in relation to the gold nanoparticles. (B) AFM image of the same region of the diamond surface, showing gold nanoparticles (red dots). The
red cross marks the location of the NV center, deduced from the fluorescence image. (C) AFM image of the 100 nm X 100 nm region of the diamond
surface centered at the location of the NV center (marked by a black cross). The black circle shows the one standard deviation uncertainty in the NV
center position with a single Gd** molecule present within the circle (bright spot). (D) AFM image of the same area as in (C) after Gd** molecules were

removed from the diamond surface.

nonfluorescent paramagnetic molecules. This represents an is performed under ambient conditions using a single shallow NV
important step toward the development of nanoscale magnetic center as an all-optical nanoscale magnetometer (Figure 1A).
imaging of biomolecules under ambient conditions. Importantly, the shallow NV center is close enough to the surface

In our approach, the target molecules are covalently attached that it can detect the fluctuating magnetic field produced by the
to the diamond surface, and magnetic sensing of these molecules electronic spin of a single paramagnetic molecule, while
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maintaining good NV center spin coherence and optical
properties. We apply this technique to detect a single
paramagnetic molecule composed of a gadolinium ion (Gd**)
chelated by an amine-terminated organic ligand (abbreviated as
Gd** molecule below). Single-molecule sensing is confirmed by
identifying NV centers that have only a single target molecule
within the sensing area on the diamond surface.

Our scheme for covalently attaching molecules to the diamond
surface relies on the coupling of the amine-functionalized Gd**
molecule to the carboxylic group on the diamond surface: in
order to improve this coupling efficiency, we activated the surface
carboxylic group using a water-soluble mixture of 1-ethyl-3-(3-
(dimethylamino)propyl)carbodiimide (EDC) and N-hydroxy-
sulfosuccinimide (NHS) (Figure 1B). This method yielded
uniform surface coverage of molecules with little clumping (see
Supporting Information), and the surface density of molecules
could be controlled by varying the concentration of the Gd*"
molecules during the reaction. This procedure can be used to
covalently attach any water-soluble amine-terminated molecule
to the diamond surface with controlled surface coverage. Since
covalent attachment utilizes diamond surface carboxylic groups,
the resulting molecular surface density was always less than a
monolayer.

In our experiments, we used atomic force microscopy (AFM)
to quantify the surface density of these molecules and to identify
their proximity to a given shallow NV center. AFM measure-
ments show that a clean diamond surface exhibits atomically
smooth regions of typically a few square micrometers. When the
Gd* molecules were attached, we observed circular features with
mean height of 8 A in the AFM scans. The heights, radii, and
density of these features were consistent with single Gd**
molecules covalently attached to the diamond surface (molecular
dimensions were estimated from bond lengths and angles, see
Supporting Information). As an independent check of the surface
molecule density, we added a single Cy3 dye molecule to each
Gd** molecule and then attached the resulting molecule to the
diamond surface using the same chemical procedure as before.
We then performed surface fluorescence measurements to
deduce the Cy3 surface density and compared the result to the
density of the surface molecules measured using AFM. The
results of these independent measurements were consistent with
each other, providing strong evidence that the 8 A-high AFM
features are indeed single molecules (see Supporting Informa-
tion).

In order to determine the proximity of Gd** molecules to a
given shallow NV center with nanoscale precision, we performed
a three-step colocalization experiment (Figure 2). First, we
coated the diamond surface (via electrostatic attachment) with
100 nm diameter gold nanoparticles that fluoresce in the same
spectral region as the NV centers and are optically resolvable
individually. Second, we performed a fluorescence scan to
determine the locations of individual NV centers and gold
nanoparticles optically (Figure 2A). Finally, we performed AFM
topography measurements to determine the locations of gold
nanoparticles and Gd** molecules (Figure 2B). Because the
nanoparticles appear in both optical and AFM images, we can use
the locations of nanoparticles to combine the fluorescence and
AFM measurements and deduce the lateral positions of Gd**
molecules relative to an NV center with uncertainty of
approximately 15 nm (see Supporting Information). Figure 2C
shows an example of this colocalization experiment: an AFM
image of Gd*>" molecules together with the position of a single
shallow NV center, marked by a cross (the circle shows the NV
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center position uncertainty at one standard deviation). When the
Gd? molecules were removed from the diamond surface, the
AFM scan of the same region showed the absence of 8 A-high
features, confirming the successful removal of molecules (Figure
2D).

Once we located a single Gd** molecule with a nearby NV
center, we performed all-optical magnetic sensing of this
molecule. At room temperature, the S = 7/2 electron spin of
the Gd** ion fluctuates with a relaxation rate (yg4) on the order of
10 GHz.>*** These spin-flips give rise to a fluctuating magnetic
field at the location of the NV center with a Fourier spectrum of
width & yg4. The Fourier component of this fluctuating magnetic
field at the frequency corresponding to the zero-field splitting of
the NV center ground state spin manifold (S = 1) drives magnetic
dipole transitions between these sublevels (Figure 3A). We
detected these transitions by first optically pumping the NV
center into the m, = 0 sublevel and then measuring its spin-state-
dependent fluorescence after a variable delay time 7 (Figure 3B,

A 1
09} 4
0.8}
0.7+ ; J
0.6+
0.5« »
04+
03}
0.2+
0.1+

532 nnr

S(v) [a.u.]

2.87 GHz

20 30
Frequency (v) [GHz]

40

3
-

jeusls )
ERIOIEIEY] ]

normalized
population imbalance
o o o o

o N M O

o
]
.

10
time (milliseconds)

O
wv

20

Figure 3. Measurement of magnetic noise from a single Gd** molecule
attached to a diamond surface using a single shallow NV center. (A)
Schematic power spectrum of the fluctuating magnetic field due to
relaxation of the Gd** electronic spin (inset: NV-center electronic
excited and ground states, with ground-state spin sublevels). Fourier
components of this spectrum near the frequency resonant with the NV
center zero-magnetic-field splitting lead to an increase in the NV center
spin-state population relaxation rate. (B) Demonstration of NV
magnetic sensing of a single Gd** molecule on the surface of bulk
diamond. Measurements of the NV center spin-state population
difference relaxation and exponential fits. Clean diamond surface: blue
squares and blue line. Gd** molecules attached to the diamond surface:
red circles and red line. Recleaned diamond surface: green triangles and
green line. The AFM image for this NV center is shown in Figure 2C,
where it is demonstrated that it is in proximity to a single Gd** molecule.
The scatter of the experimental data points is consistent with photon
shot noise with total averaging time on the order of an hour (not
including the time needed to correct for setup drifts). Inset: Pulse
measurement scheme for measuring the NV center spin-state relaxation
rate. An avalanche photodiode (APD) was used for NV-center red
fluorescence detection.
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Figure 4. Magnetic noise measurements in the single Gd** molecule sensing regime. Results of 85 Gd-induced NV center spin-state relaxation rate
measurements, along with a Monte Carlo simulation band. The experimental data are grouped into five bins with the error bars calculated by combining
bin sampling uncertainty and relaxation rate fitting uncertainty (see Supporting Information). The theoretical band was obtained from Monte Carlo
simulations of the experiment with parameters given in the text. Inset: results of 14 colocalization and NV center spin-state relaxation rate measurements
in which a single Gd*" molecule was identified near a single shallow NV center. The background displays the results of Monte Carlo simulations of the
experiment with the color scale indicating the probability density of obtaining a particular NV center spin-state relaxation rate for a given separation
between the NV center and the proximal Gd** molecule. The simulation was performed for 20 nm separation between Gd** molecules, and NV center
colocalization uncertainty of 15 nm. For a quantitative comparison, we performed a two-variable Kolmogorov—Smirnov statistical test, resulting in the
Z-statistic value of 1.1, which indicates that the data points are consistent with the simulated distribution (see Supporting Information).

inset). In the absence of Gd** molecules, the NV spin-state
population difference decayed with rate I'j e due to spin—
lattice relaxation. However, when the NV center was in proximity
to a Gd** molecule, the measured NV population relaxation rate
increased to D' = Dinwinsic + Dinduced (S€€ Supporting
Information), which constitutes magnetic sensing of single-
molecule electron spin. For example, the red circles in Figure 3B
show the result of the NV spin-state relaxation measurements for
the NV—Gd** molecule pair displayed in Figure 2C (the red line
is an exponential fit); the blue squares in Figure 3B illustrate the
spin-state relaxation rate of the same NV center prior to
attachment of the Gd** molecule. The comparison of these
measurements clearly shows a dramatic increase of the relaxation
rate in the presence of a single Gd** molecule. Once the molecule
was removed (Figure 2D), the relaxation returned to the intrinsic
rate (green triangles in Figure 3B).

The inset of Figure 4 summarizes the measured Gd-induced
relaxation rates of for multiple NV—Gd*" molecule pairs with
varying NV-molecule separations. We performed a total of 23
colocalization experiments, together with population relaxation
measurements of the corresponding NV centers. In 14 of the 23
colocalization experiments, we could reliably identify single Gd**
molecules and extract the separation between an NV center and a
Gd*" molecule; while in the remaining 9 experiments, we could
not do so because of finite AFM tip resolution or rough surface
topography. Seven of the data points exhibit a significant (greater
than two standard deviation) increase in NV spin relaxation, and
the corresponding colocalization measurements show the
presence of a single Gd*>" molecule near the NV center position.
As noted above, removal of the Gd* molecules from the
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diamond surface resulted in the relaxation rate returning to its
intrinsic value in all cases.

A comparison of these data with Monte Carlo simulations
(shown as background color plot in the inset of Figure 4)
provides further evidence of NV magnetic detection of a single-
molecule electron spin. In the simulation, we calculated the
probability density of obtaining a particular NV spin relaxation
rate for a given NV-Gd*" molecule separation (see Supporting
Information) within experimental uncertainties. We used an NV
center depth of 6 nm, derived from calculations for 3 keV
nitrogen ion implantation energy, a mean Gd** molecule spacing
of 20 nm, derived from the AFM and Cy3 measurements
described above, and a Gd** spin-relaxation rate of 10 GHz.>>**
As seen in the inset of Figure 4, the experimental data points are
consistent with the simulated probabilities (see Supporting
Information).

Additional evidence for magnetic detection of single-molecule
electron spins is provided by an independent set of 85 spin
relaxation rate measurements that we performed on 26 shallow
NV-centers over several cycles of Gd** molecule attachment and
removal. As shown in the main plot of Figure 4, the resulting data
are grouped into five bins with the error bars calculated by
combining the bin sampling and relaxation rate fitting
uncertainties (see Supporting Information). Also shown in this
figure is a band of theoretically calculated NV spin relaxation
rates, which we obtained from Monte Carlo simulations of the
experiment, with the NV center depth of 6 nm, Gd** spin-flip rate
varying in the range of 10 to 20 GHz, and mean Gd% surface
density varying in the range of 1/(20 nm)? to 1/(25 nm)”. These
parameters yield simulated NV-center spin relaxation rate

dx.doi.org/10.1021/n1502988n | Nano Lett. 2014, 14, 6443—6448
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distributions that are consistent with experimental data, again
confirming that the observed NV spin relaxation rate increase is
due to the proximity of a single-molecule electron spin. While
other sets of model parameters in principle can be fit to the
experimental data, all realistic model fit parameters correspond to
regimes in which only a single Gd** spin contributes to increased
NV center spin-state relaxation rate (see Supporting Informa-
tion). The “sensing radius” of an NV-center (defined as the NV—
Gd*" molecule separation for which the change in NV-center
spin relaxation rate is equal to the measurement uncertainty) is
determined to be approximately 12 nm. This means that with
probability over 80% only a single Gd*" molecule can
substantially contribute to the induced NV-center spin relaxation
rate even for highest Gd** molecule densities used.

The detection sensitivity of our experiment is limited by
photon shot noise. By monitoring NV-center fluorescence after
optical pumping and a relaxation-in-the-dark period of ~2 ms,
chosen to be on the order of the NV-center intrinsic T, time, a
single Gd** molecule spin at a distance of 10 nm can be detected
after approximately S min of averaging (see Supporting
Information). The sensitivity to other paramagnetic species
depends on their magnetic moments and the magnitude of their
fluctuating magnetic fields at the frequency corresponding to the
mg = 0 — m, = 1 transition (see Supporting Information),
which can be varied by applying a constant magnetic field. In
order to detect radicals with long relaxation times, such as some
nitroxides, NV spin coherence relaxation (affecting the measured
T, time) may be most suitable.”®

Our method for all-optical magnetic sensing of single
paramagnetic molecules using shallow NV centers in diamond
has potential implications to studies of a wide range of
biochemical molecules and processes. Together with recent
experiments demonstrating NV magnetic sensing of nanoscale
ensembles of nuclear spins,”"** the combination of single-
molecule covalent attachment, colocalization, and magnetic
sensing techniques is an important step toward magnetic imaging
measurements on individual biological molecules attached to the
diamond surface.”® Our magnetic measurement scheme directly
detects the magnetic field created by a paramagnetic molecule
without the need for fluorescent tagging and can be applied to
detect and study small molecules without suffering from blinking
or photobleaching.”” Since NV center-based magnetometry was
recently shown to be biocompatible,”® our approach can also be
used for in vivo magnetic sensing with single-molecule
sensitivity. Specifically, our covalent attachment scheme can be
extended to nanodiamonds, functionalizing them to target
certain cellular organelles, as well as functionalizing with
chemical species (spin traps) that react with short-lived free
radicals to produce persistent paramagnetic molecules, which can
then be magnetically detected. Because radicals are thought to
play a key role in biochemical processes such as cellular signaling,
aging, mutations, and death,*™” the ability to detect small
concentrations (approaching 100 uM, corresponding to mean
separation of approximately 25 nm) of short-lived radicals inside
living cells could be a powerful tool in studying these processes
with possible applications for disease detection and drug
development. Finally, our methods could also find applications
in nanoscale and materials science, for example, in studies of
molecular magnets on a diamond surface, and when combined
with the recently demonstrated scanning probe techniques®
they could enable imaging of rapidly fluctuating magnetic fields
near the surfaces of materials such as superconductors,®
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topological insulators,®*! and others (ferromagnets, multi-

ferroics, and so forth).
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© Supporting Information

A detailed description of the experimental setup, sample
preparation, AFM experiments and data analysis, simulations,
and control experiments with La**. This material is available free
of charge via the Internet at http://pubs.acs.org.
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