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Three-dimensional optical manipulation of a single

electron spin
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Nitrogen vacancy (NV) centres in diamond are promising
elemental blocks for quantum optics"?, spin-based quantum
information processing®* and high-resolution sensing>".
However, fully exploiting the capabilities of these NV centres
requires suitable strategies to accurately manipulate them.
Here, we use optical tweezers'? as a tool to achieve determinis-
tic trapping and three-dimensional spatial manipulation of indi-
vidual nanodiamonds hosting a single NV spin. Remarkably, we
find that the NV axis is nearly fixed inside the trap and can be
controlled in situ by adjusting the polarization of the trapping
light. By combining this unique spatial and angular control
with coherent manipulation of the NV spin and fluorescence
lifetime measurements near an integrated photonic system,
we demonstrate individual optically trapped NV centres as a
novel route for both three-dimensional vectorial magnetometry
and sensing of the local density of optical states.

NV centres arise randomly from the presence of natural nitrogen
impurities in diamond, but they can be created artificially at prede-
fined positions through ion implantation on ultrapure diamond
bulk crystals'>!*. Alternatively, nanocrystal diamonds with sizes
ranging from ~5nm to 100 nm can also host single NV centres
(ref. 15). Their nanosize is advantageous because they can be trans-
ported to a location of interest, allowing one to place a single
spin in very close proximity to photonic'®!” and plasmonic'®-%
systems to produce more customizable single-photon sources'®%.
Furthermore, a mobile single NV centre can act as a nanoprobe of
a magnetic field>!°, an electric field!! and also the electromagnetic
local density of optical states (LDOS)!*?%. Manipulation of single
NV centres has so far been achieved by using scanning probe-based
approaches such as atomic force microscopy (AFM)s7%102L25
Although these approaches have led to a remarkable level of
control, experimental implementation is limited to quasi-two-
dimensional manipulation and requires nanoscale positioning of
the nanocrystal diamond on the AFM tip. Also, the presence of the
host tip can affect the intrinsic properties of the NV centre as well
as the local fields being probed. Furthermore, this AFM-based
approach typically operates in gas environments, whereas liquid-
phase environments are generally required for bio-applications.
Importantly, no technique has so far demonstrated in situ control
over the orientation of the NV axis, which is critical for full
vectorial magnetic and optical sensing based on a single spin or
optical dipole, and potentially useful for the implementation of
quantum information-processing schemes.

In this Letter, we experimentally demonstrate an approach based
on three-dimensional optical manipulation of an individual nano-
crystal diamond hosting a single NV centre. Although a similar
approach led to electron-spin-resonance (ESR) measurements on

a large ensemble of nanocrystal diamonds containing multiple
NV centres?, here we actively select a single nanocrystal diamond
that is diffusing in liquid. Once trapped, a high level of control of
the spin position of the single NV centre is achieved along
the three spatial axes with nanoscale resolution. Remarkably, the
orientation of the trapped NV remains nearly fixed over time and
can be accurately controlled, which allows us to implement
coherent manipulation of a single NV spin and vectorial
magnetometry. Finally, we show that lifetime mapping while
raster scanning the trapped NV above a patterned surface provides
direct insights into the electromagnetic LDOS near an integrated
channel waveguide.

The nanocrystal diamonds used in our experiments had diam-
eters of ~60-70 nm and were dispersed in a 5:1 glycerol/water
mix (refractive index n = 1.46) confined in a static fluidic chamber.
The optical trap was formed by tightly focusing (NA = 1.2) to the
same point two equally intense and collinearly polarized counter-
propagating beams (~45mW per beam) from a Nd:YAG
(1,064 nm) laser (Fig. 1). The stability of the trap was enhanced
by cancelling out the scattering forces and producing constructive
interference along the optical axis. This strategy enabled us to trap
and manipulate a single nanocrystal diamond (n = 2.391) as small
as 50 nm in all three spatial directions. In our experiment, optical
manipulation of the nanocrystal diamond was combined with full
characterization of its NV centre. At each spatial position, we
performed time-correlated single-photon counting, extracted
fluorescence lifetimes and performed optically detected ESR
spectroscopy (see Methods)?”%.

To deterministically trap an individual nanocrystal diamond
containing a single NV centre, we used a highly sensitive electron-
multiplying charged coupled device (EM-CCD) camera in fluor-
escence imaging mode to follow the diffusion of the nanocrystal
diamonds in real time (Figs 1d,e and 2). We immobilized the fluor-
escent nanocrystal diamond of interest by bringing the focus of the
dual-beam trap close to it. To verify that this nanocrystal diamond
only hosted a single NV centre, we performed coincidence measure-
ments using Hanbury-Brown and Twiss (HBT) detection. Figure 1a
shows measured antibunching below the threshold of 0.5, proving
that the trapped nanocrystal diamond contains a single NV
centre. To assess the accuracy of our manipulation approach, we
resolved the degree of spatial confinement of the nanocrystal
diamond within the trap (see Methods) and found the full-width
at half-maximum (FWHM) of the Gaussian distribution to be
80 nm along both transverse directions (Fig. 2, insets). From our
simulations we expect its confinement in the z-direction (along
the beams) to be smaller than 50 nm because of the interference
fringes produced by the counter-propagating beams
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Figure 1 | Three-dimensional optical trapping and manipulation of a single electron spin. A near-infrared laser (A =1,064 nm, shown in light violet in the
central sketch) is focused through two high-NA objectives to trap a nanocrystal diamond (ND) containing a single NV centre. A superimposed 532 nm laser
(shown in green) excites the NV. The emitted photoluminescence (orange) passes a dichroic filter and is detected by two APDs. The central schematic
shows the basic elements of our experiment. a, Coincidence measurements of a trapped ND confirming the single-photon character of the NV luminescence
(CRIOFS 1/2). The red line is an exponential fit with a lifetime decay of 18 ns. b, Optically detected electron spin resonance (ESR) of a single NV centre.

¢, Schematic of the NV centre in diamond consisting of a substitutional nitrogen atom (N) adjacent to a vacant lattice site (V) within the carbon (C) lattice.
d.e, Scanning of a single trapped NV centre across a 250-nm-wide TiO, waveguide (from the yellow to the red circle). The fluorescence image is taken with
an EM-CCD camera while illuminating a large area with a 532 nm laser. The bright spot is the photoluminescence from the NV centre, and the vertical bright

lines correspond to fluorescence from the TiO, waveguide.

(@)

-1006 O 100
y-displacement (nm)

Counts (x104)

-100 0 100
x-displacement (nm)

0.0 05 1.0 1.5 2.0 25
x (um)

Figure 2 | Tracking and trapping of a single nanocrystal diamond with a single
NV centre. EM-CCD image of a fluorescent nanodiamond (white circle) and its
position trace (red line). Tracking the fluorescence makes it possible to direct
the nanodiamond with the xyz piezoscanner close to the trap, where it is
captured and confined. Insets: position histograms of the time trace of the
trapped nanocrystal diamond retrieved from position tracking with a quadrant
photodiode (QPD)?°. The solid lines are Gaussian fits to the position
histograms. The standard deviation is ~40 nm. The particle is confined within
less than 80 nm for 70% of the time.

(Supplementary Fig. S11). The trap stiffness achieved is such that
the nanocrystal diamond can be moved in the chamber over dis-
tances as large as 100 wm with velocities up to 10 pm s~ ",

This demonstration of single NV centre trapping enables us to
perform vectorial magnetometry based on a single electron spin.
A crucial requirement for this is the stability of the NV axis (that
is, the spin quantization axis) inside the trap, which we assessed
by means of optically detected ESR measurements (Fig. 3). To
this end, we positioned the nanocrystal diamond in the vicinity of
a gold wire microwave antenna, which was integrated into the
chamber and connected to a microwave generator. The ESR
spectrum was obtained by monitoring the NV fluorescence while
scanning the microwave frequency over the m, = 0 <> m,= +1 tran-
sition at 2.87 GHz. Without any external magnetic field, the m=+1
states are degenerate, leading to a single dip in the ESR spectrum, as
shown in Fig. 3a. In contrast, when we apply an external magnetic
field, its vector projection along the intrinsic magnetic dipole of
the NV induces Zeeman splitting of the m=+1 states.
Consequently, the orientation and stability of the NV axis can be
determined by monitoring the Zeeman splitting induced by a
fixed-amplitude (1.5 mT) external magnetic field along each of
the three spatial directions (x-axis shown in Fig. 3b). Figure 3c
shows that Zeeman splitting is maximum for a specific direction
of the field (specifically, for this trapped NV, 6 = 61° and ¢ = 77°
in polar coordinates), which corresponds to the NV spin axis.

Long-term stability was evaluated by repeating these measure-
ments after 30 min, and we found that the NV orientation was
the same within an error range of +5°. This demonstrates that
the nanocrystal diamond has not substantially rotated within the
trap. We attribute this behaviour, which was observed for the
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Figure 3 | Vectorial magnetometry and orientation control with an optically trapped single spin. Optically detected ESR spectra of a trapped nanocrystal
diamond with a single NV centre. The data points of the frequency sweep were acquired in steps of 0.5 MHz. The solid lines are two-Lorentzian fits to
determine the transition frequency. Insets: orientation of the polarization axis E, the NV axis and the direction of the magnetic field B. a-¢, Determination of
the NV-axis orientation. In a no magnetic field is applied. The m, =+ 1 ground state is degenerate. For the X projection of the magnetic field onto the NV
axis (b) only a small Zeeman splitting is visible. When the magnetic field is aligned with the NV axis (c), a maximal splitting is recorded. This makes vector
magnetometry possible. d-f, Control of the NV-axis orientation by rotating the polarization of the trapping laser. For each orientation of the E-field
polarization axis, two ESR spectra were acquired for two successive orientations x (black dots) and y (red dots) of the magnetic field (at constant
magnitude). A rotation in polarization by an angle Ag rotates the NV axis by the same angle in the x-y plane, as monitored by the change in pB. Dashed
lines indicate the position of the magnetic field splitting in d as a guide to the eye. (Note: the ground state for this NV was already degenerate for B=0.)

majority of the trapped nanocrystal diamonds (around 80%), to the
asymmetrical shape of the nanocrystals (which translates into an
asymmetrical polarizability), thus creating a preferential equili-
brium axis within the linearly polarized trap*® (Supplementary
Figs S10 and S12). Consequently, changing the orientation of the
polarization axis of the trapping laser should allow us to control
the orientation of the NV axis with respect to the optical axis.
This additional degree of control over the trapped NV is demon-
strated in Fig. 3d-f, in which we monitor the orientation of the
NV axis for three different directions of the trap polarization.
For each orientation of the E-field polarization axis, two ESR
spectra are acquired for two successive orientations (x and y) of
the magnetic field (at constant magnitude). An angular change
Ag in the direction of the field polarization leads to a rotation of
the NV axis (projected in the x—y plane) by the same angle, there-
fore permitting us to align the NV axis orientation relative to the
B-field lines to be probed. Although trapping with a Gaussian
beam limits rotation around a single axis, further rotation
control could be achieved by introducing electric fields having
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components along the z-axis either through additional trapping
beams or through beam shaping with a spatial light modulator
(SLM)3L. This novel manipulation technique is therefore an ideal
platform for probing vectorial magnetic fields in three dimensions
with nanoscale resolution and a magnetic sensitivity of
40 pT Hz /2 (refs 8,32) (see Supplementary sections, ‘Magnetic
sensitivity and Broadening of the ESR line width’).

The accurate manipulation of a single NV also provides an
avenue for non-invasive probing of the LDOS by exploiting its elec-
tric dipole. We demonstrate this capability by spatially mapping the
NV fluorescence lifetime, which is inversely proportional to the
LDOS* (projected along the NV axis), in the proximity of a
photonic system. For this purpose, a trapped single NV centre was
raster-scanned across a TiO, channel waveguide patterned on a
glass substrate. At each point of the scan (scan step, 15 nm), we
measured the fluorescence lifetime of the NV centre (Fig. 4a). The
fluorescence intensity profile features a maximum above the wave-
guide. This maximum is attributed predominantly to significant
autofluorescence from the TiO, (as can be seen in the EM-CCD
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Figure 4 | LDOS mapping across a TiO, waveguide. a, Fluorescence lifetime
of the NV centre, which was acquired at different points across and over the
waveguide (average over two consecutive scans). Red line: calculated
lifetime of a single emitter scanned 50 nm above a 250 nm TiO, waveguide.
b, Calculated radiative and waveguided contributions of the LDOS for a
dipole scanned 50 nm above a 250 nm TiO, waveguide. The radiative part
has only a small contribution compared with that of the non-radiative part,
which is trapped in a waveguide mode and is responsible for the change in
lifetime of the NV centre. The shaded area corresponds to the position of
the waveguide.

fluorescence image in Fig. 1d,e). Conversely, information about the
NV-waveguide coupling and the LDOS is provided by the lifetime
data, from which the contribution of the NV fluorescence can be
isolated by separating its long-lived fluorescence signal from the
short-lived autofluorescence of the rest of the structure using a
two-exponential fit. A clear lifetime decrease is observed when the
NV is in close proximity to the TiO, waveguide. The lifetime is
expected to be inversely proportional to the number of available
photon states that are accessible to the emitting electric dipole of
the NV. This quantity is also known as the LDOS, which measures
the sum of field intensities of all normalized photon modes as a
function of both photon energy and space position®*. A decrease
in lifetime of the NV centre is thus associated with an increase in
the LDOS. In Fig. 4b, we show the spatial dependence of two con-
tributions to the LDOS: radiative emission far from the system
(upper curve) and non-radiative emission into a guided mode of
the waveguide (lower curve). Although the former seems to
depend only mildly on position, the waveguide mode contribution
shows a peak that follows the observed decrease in lifetime. As
shown by the red line in Fig. 4a, the theory is in very good agreement
with the experiment.

Spatial and angular manipulation of optically trapped single NV
centres is a simple and powerful approach that could benefit and be
applied to a wide range of research. Beyond opening new opportu-
nities for nanoscale magnetic and optical sensing in three dimen-
sions and in liquid environments, it is non-invasive and is
potentially applicable to cell biology®>?. We also foresee that an
extension to multiple nanocrystal diamond trapping could be
used for the implementation of flying qubits’’ and nanoscale
control of spin-spin interactions using plasmonic tweezer struc-
tures®®, realizing a significant advance in scalable quantum comput-
ing and simulation schemes.

Methods

Optical trapping and fluorescence readout. A near-infrared (A = 1064 nm) 1.5 W
laser was split by a 50:50 beamsplitter into two beams and focused through two
high-NA (=1.2) water immersion objectives to a single point. The power at the
objective entrance was fixed at 150 mW in each beam to compensate for the low
transmission of the objective at this wavelength (30%).

The nanocrystal diamonds were diluted in a 5:1 glycerol/water solution. A
droplet of this solution between two coverslips served as a liquid chamber fixed on a
xyz piezo stage. The glycerol was chosen to increase the viscosity of the medium and
consequently lower the Brownian motion of the nanocrystal diamonds. An EM-
CCD camera was used to detect the fluorescence of a single NV centre, and then
track the single NV centres, trap them and position or scan them at desired locations
in the chamber. A 532 nm laser was used to excite the NV centre. The emitted
fluorescence was detected by two APDs, after passing through a dichroic filter and a
long-pass filter at 632 nm.

Trap characterization. Using standard position measurements based on a quadrant
photodetector (QPD)%, we were able to retrieve the position histogram along each of
the two directions (x and y) perpendicular to the optical axis. The FWHM of the
Gaussian distribution was of the order of 80 nm along both directions (Fig. 2).
Because position detection is known to lack accuracy for determining the trap
confinement in the z direction, we can only provide an estimate based on the spatial
confinement of the interference fringes. Assuming that the nanocrystal diamond
remains localized in one fringe at the focus, we expect its confinement to be smaller
than 80 nm.

Nanodiamond preparation. The nanodiamond sample (Microdiamant, MSY
0-0.1 pm) was refluxed for 6 days at 90 °C in a 9:1 ratio of concentrated sulphuric
and nitric acids. The nanodiamonds were collected by centrifugation and
ultrasonicated using a tip probe sonotrode (Branson, 101-063-346) for 1 h before
being further refluxed under the same conditions. The nanodiamonds were then
washed with deionized water and ultrasonicated in 0.1 M sodium hydroxide for 1 h,
rinsed with water and re-ultrasonicated in 0.1 M hydrochloric acid. The sample was
rinsed and resuspended in deionized water. Finally, several centrifugation steps were
used to size select the required nanodiamond particles, and dynamic light scattering
(Malvern Instruments Zetasizer NS) measurements were used to determine the size
distribution of the particles (74415 nm).
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