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Coherent, mechanical control of a single electronic spin
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The ability to control and manipulate spins via electrical [1-3], magnetic[4, 5] and optical[6]
means has generated numerous applications in metrology[7] and quantum information science[8] in
recent years. A promising alternative method for spin manipulation is the use of mechanical motion,
where the oscillation of a mechanical resonator can be magnetically coupled to a spins magnetic
dipole, which could enable scalable quantum information architectures9 and sensitive nanoscale
magnetometry[9-11]. To date, however, only population control of spins has been realized via
classical motion of a mechanical resonator[12-14]. Here, we demonstrate coherent mechanical control
of an individual spin under ambient conditions using the driven motion of a mechanical resonator
that is magnetically coupled to the electronic spin of a single nitrogen-vacancy (NV) color center
in diamond. Coherent control of this hybrid mechanical/spin system is achieved by synchronizing
pulsed spin-addressing protocols (involving optical and radiofrequency fields) to the motion of the
driven oscillator, which allows coherent mechanical manipulation of both the population and phase
of the spin via motion-induced Zeeman shifts of the NV spins energy. We demonstrate applications
of this coherent mechanical spin-control technique to sensitive nanoscale scanning magnetometry.

The magnetic coupling between spins and mechani-
cal resonators has been recently investigated for imag-
ing the locations of spins via magnetic resonance force
microscopy[12, 13]. as well as for sensing nanomechan-
ical resonator motion[15]. A scrarcly explored resource
in such coupled spin-resonator systems is the coherence
of a driven resonators motion, and here, we demonstrate
that this motion can be used to fully control the quan-
tum state of an individual electron spin. We employ an
electronic spin associated with an NV center in diamond
as the target spin due to the efficient optical initialization
and readout of the NV spin [16], as well as its long coher-
ence time [17]. A single NV center is prepared near a bulk
diamond surface (at a nominal depth of 10 nm, see Meth-
ods), and its spin-state is read out optically through spin-
dependent fluorescence [16]. The mechanical resonator is
a quartz tuning fork, with a micro-fabricated quartz tip
attached at the end of one of its prongs. The tuning fork
operates in a transverse oscillation mode with a resonant
frequency of 41.53 kHz and oscillation amplitude that
can be controllably varied up to 250 nm (see Fig.1 and
Methods). Magnetic coupling between the NV spin and
the tuning fork resonator is provided by a 25 nm CoFe
magnetic film evaporated onto the apex of the quartz tip
(see Methods). Consequently, the transverse mechani-
cal motion of the tip generates an oscillatory magnetic
field at the spins location, which modulates the Zeeman
splitting between the NVs energy levels (Fig. 1b, ¢). To
achieve coherent control of the target NV spin using the
resonators mechanical motion, we synchronize spin ma-
nipulation protocols to the driven oscillation of the me-
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chanical resonator (Fig.1d). With this synchronization,
the relative timing between applied radiofrequency (RF)
pulses and the resonator motion is fixed, allowing for the
resonator’s motion to coherently and deterministically in-
fluence the NV spin state.

The pronounced coupling between the resonators me-
chanical motion and the NV spin is measured with opti-
cally detected electron spin resonance (ESR). The ESR
of the target NV center is acquired by sweeping the fre-
quency of an applied RF field through the NV spins mag-
netic dipole transition and collecting the resulting NVs
spin-state-dependent fluorescence, with lower (higher)
fluorescence when RF field is on (off) resonance with the
NV spin transition [16]. As the oscillation amplitude of
the tuning fork increases, we observe a broadening in the
ESR spectrum (Fig. 2a), resulting from the larger mag-
netic field modulation associated with the greater range
of motion of the resonators magnetic tip. As the driv-
ing amplitude of the resonator is further increased, the
ESR lineshape becomes bimodal, which reveals the dis-
tribution of dwell-times of the magnetic tip as a function
of its position during the oscillatory motion, with the
two peaks representing the turning points of the oscilla-
tion trajectory. To deconvolve this time-averaged spec-
tral broadening in the coupled dynamics of the NV spin
and resonator, we perform stroboscopic ESR measure-
ments synchronized to the resonators motion (Fig.2b),
which reveal the magnetic tips position as a function of
time via the tip-induced Zeeman shift of the NVs ESR
resonance frequency. Figure 2b shows two example stro-
boscopic ESR spectra with shifted resonance frequencies
consistent with the magnetic tips position in its oscilla-
tory cycle. The observed remaining broadening of the
ESR linewidth (full width at half maximum) is within
20% of the value we find for an undriven magnetic tip
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FIG. 1: Coherent dynamics of a mechanical resonator and an
electron spin. (a) Schematic of an electron spin of an NV cen-
ter next to a tuning fork resonator. A magnetic tip provides
coupling between the tuning fork resonator and the NV spin.
Readout and addressing of the NV spin is provided through a
confocal microscope and an RF coil. The details of the exper-
imental setup are described in Grinolds et al. [18]. (b, ¢) Cou-
pling of the motion of the resonator to the electronic spin of
the NV center. The local magnetic field at the position of the
NV spin changes as a function of the resonator’s motion due to
the magnetic field gradient of the tip. This resonator-induced
magnetic field oscillation, dBres(t), with the oscillation pe-
riod, Tres = 24.1 s, modulates spins dipole transition energy,
dw(t), through a Zeeman shift, dw(t) = v0Bres(t), where v
is the gyromagnetic ratio of the spin (Inset). (d) Scheme for
coherent coupling of the resonators motion to the NV spin.
The resonators motion is synchronized to the NV addressing
sequences. After this synchronization, the motion of the res-
onator influences the NV spin coherently with respect to the
standard optical/RF pulse sequences which addresses the NV
spin.

(6.62+£0.49 MHz). Such measurements are acquired with
an acquisition time (1 ps) much shorter than the res-
onators oscillation period (24.1 ps), which enables stro-
boscopic readout of the NV spins resonance frequency
for a well defined position of the magnetic tip. The near-
restoration of the zero-tip-motion ESR linewidth at arbi-
trary tip position confirms that the resonator motion is
coherent with the spin addressing protocols.

This synchronization of the resonators motion with
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FIG. 2:  Spin-resonator coupling as observed by electron

spin resonance (ESR). (a) Motion-induced broadening of
ESR. As the amplitude of the resonators oscillation is in-
creased, the ESR linewidth broadens beyond its initial value
(6.62 £+ 0.49 MHz, here power-broadened by the applied RF
field). The shape of ESR evolves to a bimodal form, owing
to the simple harmonic oscillation of the resonator. (b) Stro-
boscopic ESR measurement. Measurements are taken syn-
chronously to the motion of the resonator with 1 us acquisi-
tion time. Having this short acquisition time compared to
the oscillation period of the resonator (24.1 us) results in
stroboscopic ESR snapshots, which capture the applied tip
field - and the corresponding shift in ESR - as a function of
the resonators position relative to the spin. The actual data
(blue and red) are taken with the timings of —0.8 us for the
blue and 1.8 us for the red relative to the node of the res-
onators oscillation. The linewidth of the blue colored ESR
is 7.98 £ 0.43 MHz, which is nearly recovered to the original
linewidth of 6.62 MHz.

respect to the external optical/RF control can be used
for coherent control of both the population and phase
of the target spin states. Population control (Fig.3) is
achieved via an adiabatic fast passage [19]. The oscilla-
tion of the magnetic field induced by the magnetic tip
motion modulates the NV ESR frequency. By fixing the
applied RF frequency (wrp) to the center of this fre-
quency modulation range, the target spins population is
adiabatically inverted each time the resonator-induced
magnetic field brings the NV ESR frequency onto reso-
nance with wrp. This spin population inversion occurs
twice for each period of the resonator oscillation (here
24.1 us), resulting in periodic population inversion (i.e.
spin flips). Note that such adiabatic population inversion
can have a higher fidelity than conventional RF m-pulses,
since it is robust against inhomogeneous variation in ESR
frequency. It is especially useful for flipping ensembles of
spins, where differing local environments for individual
spins can otherwise limit control fidelity.
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FIG. 3: Population control of a spin with the mechanical

motion of a resonator. The motion of the resonator periodi-
cally modulates the local magnetic field at the position of the
target spin, and therefore modulates its spin resonance. Adi-
abatic spin inversions occur when the resonator sweeps the
spin resonance through the frequency of an applied RF field
(inset, right). The corresponding range of frequency sweep is
65.1 MHz, larger enough than RF Rabi frequency, 6.25 MHz
to achieve high fidelity of spin inversion. Plotted is the pop-
ulation of the NV spin in the m, = 0 state (P(ms; = 0)) as a
function of delay between initialization and readout (7). The
left inset shows a periodic population modulation with mul-
tiple cycles and a period of 24.1 us in accordance with the
measured resonator frequency. Fits to the adiabatic passages
take into account a finite RF Rabi frequency of 6.25 MHz.
The decay in the inversion amplitude is determined by the
spin-lifetime, T4.

Furthermore, synchronizing the resonator motion with
an appropriate RF pulse sequence allows for high fidelity
control of the target NV spins phase. As a demonstra-
tion of such phase control, the NV spin is first prepared
in a superposition state, using optical pumping followed
by an RF m/2-pulse. Next, the time-varying magnetic
field induced by the resonators motion results in a de-
tuning of the NV ESR frequency from wry, causing the
spin to acquire a differential phase relative to its pre-
cession at wrp. In order to accumulate the phase with
high fidelity, and to minimize the effect of other, inco-
herent magnetic field fluctuations, a Hahn echo sequence
is employed and synchronized to the driven motion of
the resonator (Fig.4a). By placing the pulse-sequence
symmetrically with respect to the node of the resonator
oscillation, the acquired phase is maximized for a given
tip amplitude. For a fixed duration of the echo sequence
(here, 7 = 12 ps), the amount of accumulated phase
is proportional to the amplitude of the magnetic field
oscillation, which is given by the oscillation amplitude
of the magnetic tip displacement multiplied by the tip-
induced magnetic field gradient along the direction of the
tip motion. To read out the accumulated phase, a final
RF pulse (here, 37/2) is applied to project the accumu-
lated phase of the NVs spin onto a distribution of the
state populations, which is then measured via spin-state-
dependent fluorescence. Figure4b shows an example of

such resonator-induced spin phase accumulations, con-
trolled by the amplitude of the resonators oscillation. In
these demonstrations of coherent, mechanical control of
a single NV spin, the rate of spin manipulation is set by
the 41.53 kHz resonance frequency of the quartz tuning
fork. However, nano-mechanical resonators can have res-
onance frequencies ranging up to nearly 1 GHz[20, 21],
which would allow rapid control of target spins. For ex-
ample, a resonator with 1 MHz frequency could perform
more than 1000 coherent spin manipulations within the
demonstrated NV spin coherence time of a few millisec-
onds [17].

With the demonstrated population and phase control,
we have achieved coherent, mechanical control over the
state of a single electron spin. This coherent mechan-
ical spin-control technique enables new applications in
sensitive, nanoscale metrology. In particular, electronic
spins in NV centers have been recently identified as ex-
cellent magnetic field sensors because of their long coher-
ence time and efficient optical readout [9-11], even under
ambient conditions. Previous work [10, 11] showed that
optimal magnetic field sensitivity is achieved when the
target field is modulated with a period comparable to the
NVs spin coherence time (AC magnetometry). However,
such AC magnetometry cannot be applied a priori to tar-
gets with static magnetizations. Our coherent mechani-
cal spin-control scheme provides a solution as the motion
of the tip transforms a spatially varying, static magnetic
field of a magnetic sample into a time-varying magnetic
field at the position of the NV center. We demonstrate
such mechanical-resonator-enabled AC magnetometry by
performing scanning, nanoscale magnetic field imaging of
our magnetized tip (Fig.4c,d). At first, we acquire a DC
magnetic image [9, 18] by scanning the magnetic tip lat-
erally near a single NV center, where the external RF
frequency is fixed on resonance with NV ESR frequency
in the absence of the tip, and the fluorescence change due
to Zeeman shifts is monitored (Fig. 4c). In this mode, the
change in signal directly reflects the change in the local
magnetic field at the position of NV. Consequently, a res-
onance band with decreased fluorescence is formed where
the magnetic field associated with the tip brings NV ESR
frequency on resonance with the external RF frequency.
From this measurement, we extract a DC magnetic field
sensitivity of 45 4T /v/Hz. Next, we perform resonator-
motion-enabled AC magnetometry (Fig.4d), where the
same optical/RF-pulse sequence is used as for the phase-
control experiment described above, while the driven mo-
tion of the magnetic tip is synchronized to the NV ad-
dressing protocols with fixed tip oscillation amplitude of
20 nm. We calculate our NV spins AC magnetic field
sensitivity to be 0.92 uT/v/Hz,which constitutes a factor
of 50 improvement over our DC experiment. In contrast
to the DC magnetic image (Fig. 4c), additional structures
in the form of multiple interference fringes in the reso-
nance region are revealed. In this configuration, the NV
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FIG. 4: Phase control of a spin with the mechanical mo-

tion of a resonator and applications to magnetic imaging. (a)
Phase accumulation scheme based on a Hahn echo sequence.
The evolution time, 7, is fixed to 12 us in this experiment.
The echo sequence is symmetrically placed at the node of res-
onators oscillatory motion, allowing for robust phase accumu-
lation, which is only sensitive to the motion of the resonator,
while canceling out slowly varying background magnetic fluc-
tuations. (b) Phase accumulation of a spin as a function of
the oscillation amplitude of the resonator. The accumulated
phase is proportional to the magnetic field modulation in-
duced by the resonator, which scales linearly with the oscil-
lation amplitude of the resonator. When the phase is con-
verted to the population of the NV spin in the ms = 0 state
(P(ms = 0)) by a RF 37/2-pulse, we observe a sinusoidal os-
cillation of the population. (c¢) Scanning DC magnetometry
with the NV spin. The external RF frequency is set on reso-
nance with ESR in the absence of the magnetic target. The
change in local magnetic field at the position of NV results
in ESR frequency shifts, which then changes the spin-state-
dependend fluorescence. The larger scan image in the inset
reveals a dipole-like pattern of the tip-induced magnetic field.
The scan is zoomed to a region depicted by the dotted square
box. The darker region is the region where the spin is near
resonance with the external RF frequency. (d) Scanning AC
magnetometry with the NV spin. The magnetic tip is scanned
laterally with 20 nm oscillation amplitude. The modulation
of the NV position relative to the magnetic target (here, the
magnetic tip) produces a modulation of the magnetic signal
from the source, providing a general method for adapting op-
timally sensitive AC magnetic imaging scheme. In comparison
to DC magnetic image, we observe additional features, multi-
ple fringes, which correspond to contours of constant magnetic
field-gradient along the direction of the resonators oscillation.

center senses magnetic field variations along the direction
of the tip oscillation, and the observed fringes (Fig.4d)
correspond to contours of constant magnetic field gradi-
ents, with neighboring fringes differing by a gradient of
0.29 uT/nm.

A particularly appealing application of our motion-
enabled AC magnetometry could be sensitive imaging
of rapidly varying, but weak magnetic features, such as
antiferromagnetically ordered systems. Our magnetic
imaging technique optimizes magnetic field sensitivity
through AC Magnetometry and should thereby be ca-
pable of detecting the magnetic moment of a single Bohr
magneton within few seconds of data acquisition it there-
fore provides the sensitivity required to detect antiferro-
magnetic order with close to lattice-site resolution. While
in our demonstration of motion-enabled AC magnetome-
try, the NV spin-sensor is located in a fixed bulk diamond
sample, our scheme can be readily applied to studying
arbitrary samples in a scanning geometry, if the NV
spin-sensor is located on the tip of a scannable diamond
structure such as a diamond nanopillar [22]. An addi-
tional application of our coherent mechanical spin-control
technique is motion sensing for nanoscale mechanical res-
onators. Such detection of motion, while routinely per-
formed for microscale mechanical resonators using op-
tical interferometry, remains challenging for nanoscale
objects. Our mechanical spin-control scheme employs
a single, atomically localized NV spin, thereby allowing
nanoscale displacement and motion sensing. In princi-
ple, our demonstrated phase control scheme can be used
to measure the amplitude and the phase of the motion
of a resonator of interest. Using the measured magnetic
tip field gradient of 18.4 uT/nm combined with the NVs
AC field sensitivity, the oscillator amplitude sensitivity
in our setup is estimated to be 49.8 pm/\/ﬁ, which is
already comparable to the sensitivity (= 10 pm/v/Hz)
achieved by optical inteferometry of sub-micron sized res-
onators [23]. Similarly, the same scheme can be applied
to measure the phase of the resonators oscillatory mo-
tion, with an estimated sensitivity of 5.1 mrad/ VHz at
an oscillation amplitude of 10 nm.

The demonstrated sensitivity for metrology applica-
tions can be further optimized through a variety of ex-
perimentally demonstrated improvements. Such schemes
of improvements include extending NVs spin coher-
ence time[9, 24Jand enhancing photon collection effi-
ciency [22, 25, 26]. Our displacement sensing scheme can
also be improved by engineering higher magnetic field
gradients. For example, by using state-of-the-art mag-
netic tips with a field gradient of 1 mT/nm [13], an NV
spin with 75 of few ms, and enhanced photon collec-
tion efficiencies, the displacement amplitude sensitivity of
22.8 fm/v/Hz could potentially be achieved. Finally, we
note that the techniques demonstrated here could be in-
tegrated with related methods for scanning-field-gradient
spin MRI[18] and super-resolution optical imaging and



coherent manipulation of proximal spins [27], with an ul-
timate goal of combined magnetic field sensitivity and
spatial resolution to achieve real-time atomic-scale map-
ping of individual electron and nuclear spins in physical
and biological systems of interest.
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plantation and annealing parameters yield an NV density
corresponding to one center every 50-100 nanometers. To
isolate single NV centers, we use electron beam lithog-
raphy to define an etch mask (Dow Corning, XR-1541)
consisting of an array of spots whose sizes are matched to
contain, on average, one NV center pet spot. A reactive-
ion etch[30] is then performed to remove exposed dia-
mond surfaces, resulting in an array of diamond cylin-
ders, each containing roughly one NV.

Quartz tuning fork:

In our experiment, a commercially available quartz
tuning fork resonator (DIGI-KEY, X801-ND) is used. Its
resonance frequency and quality factor are 41.53 kHz,
and 1400, respectively. The excitation of the tuning fork

is performed by mechanically dithering the tuning fork
using a piezoelectric actuator. Additionally, the response
of the tuning fork is read out electrically through piezo-
electric detection.

Magnetic tips:

Magnetic tips are created by evaporating a magnetic
layer onto quartz tips of roughly 80 nm in diameter,
which are fabricated using a commercial laser-pulling sys-
tem (Sutter Instrument Co., P-2000). We use a thermal
evaporator to deposit a 25 nm layer of cobalt-iron on the
side of the pulled quartz tip, followed by additional depo-
sition of a 5 nm chrome layer, which serves as a protective
capping layer.
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