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We report on observations of Ramsey interferences and spin echoes from electron spins inside a
levitating macroscopic particle. The experiment is realized using nitrogen-vacancy (NV) centers hosted in a
micron-sized diamond stored in a Paul trap both under atmospheric conditions and under vacuum. Spin
echoes are used to show that the Paul trap preserves the coherence time of the embedded electron spins for
more than microseconds. Conversely, the NV spin is employed to demonstrate high angular stability of the
diamond even under vacuum. These results are significant steps towards strong coupling of NV spins to the
rotational mode of levitating diamonds.
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Being able to prepare arbitrary motional quantum states
of massive oscillators will be an important step forward for
modern quantum science [1]. Tremendous efforts are made
towards this goal with experimental platforms ranging from
clamped nanofabricated devices [2–4] to levitating objects
[5,6]. One recently proposed way to engineer motional
states consists in coupling atomic spins to the motion of
macroscopic objects using magnetic fields [7–14]. The idea
is to exploit the pointlike character of single atomic electrons
and their magnetic sensitivity to detect and also to couple
them to the motion of the oscillator. The resulting spin-
dependent force on the object could for instance be used to
cool the oscillator motion down, to generate motional cat
states, or to entangle the spin with the mechanical oscillator
[12,15]. The platform can then be employed for sensing the
mechanical zero-point fluctuations [10] and for more fun-
damental tests of quantum mechanics [16–18].
Amongst the vast range of mechanical oscillators,

particles levitating in harmonic potentials are being inves-
tigated widely. They have shown record high quality
factors, stemming mostly from the absence of clamping
losses [5,6,19]. They also enable efficient tuning of the
mechanical properties. Lowering the trap stiffness after
cooling the center-of-mass mode could for instance
increase the ground state wave-function spread to several
microns, offering prospects for optical manipulations of the
wave packet [20]. There have also been several experiments
that have achieved spin readout of nitrogen-vacancy (NV)
centers hosted in diamonds that were trapped both in liquid
[21,22] and under vacuum [23–26], which are important
steps towards coupling spins to macroscopic particles’
motion. The main quantum physics tools for engineering
internal electronic and motional states—namely, Ramsey
interferometry and spin echoes—are, however, still elusive
for trapped macroscopic particles, stemming mostly from

the high degree of control required on the particle external
and internal degrees of freedom (d.o.f.).
Ramsey interferometry and spin echoes have been the

workhorse for many experiments in atomic physics in
recent decades. They have allowed control of the environ-
ment of electronic spins with atomic ensembles or single
atoms for decades. Such measurements tools are also
essential for prospective spin coupling to the motional
state of macroscopic oscillators [10,15,27]. In this Letter,
we demonstrate contrasting Rabi and Ramsey oscillations
as well as spin echoes from spins inside a macroscopic
levitating particle under atmospheric conditions and under
vacuum. The experiment consists of manipulating the spin
of NV centers within a microdiamond levitating in a ring
Paul trap. Although high voltages are used around small
heavily charged diamonds, no differences between the
longitudinal and transverse coherence times T1 and T�

2

of the NV spins inside and outside the trap are observed.
Importantly, our experiments are performed in the presence
of a large magnetic field, which demonstrates coherent
control over angularly stable particles, an important pre-
requisite for recently proposed experiments on spin-
mechanical coupling using the rotational modes [12,14].
Figure 1 shows the principle of the experiment. A

micron-sized, gold-plated tungsten ring trap [28–30] is
used both for trapping micron-sized diamonds and for
generating the oscillating transverse magnetic field that
drives NV center spins. A green laser is focused onto
the diamond and the photoluminescence (PL) from the
embedded NV centers is collected using the same objective
and directed to an avalanche photodiode. A permanent
magnet is brought in the vicinity of the trap to lift the
degeneracy between the jms ¼ �1iNV electronic spin
states. The NV centers are polarized using around 1 mW
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of green laser and a maximum of 20 dBm of microwave
power can be brought to the ring to drive the electronic spins.
More details on the experiment, such as the number of NV
centers and the diamond shape and size, are presented in
Refs. [25,31] and Sec. I of the Supplemental Material (SM)
[32]. Compared to the experiment performed in Ref. [25],
the ring trap is 4 times smaller. We measured it to be 180 μm
in diameter, which means that both the confinement and
microwave powers at the trap center are greatly increased.
Using such a tiny ring trap is crucial for reaching angular
stability under vacuum.
Before realizing experiments with levitating particles, an

in-depth study of the spin properties of NVs from diamonds
that are cast on a quartz plate was realized beforehand. It is
presented in Sec. II of the SM [32]. Since at present we
cannot compare the properties of the same particle in and
out of the trap as was done in Ref. [41], such a charac-
terization step was mandatory to estimate the influence of
the trap on the NV photophysical properties.
To realize spin coherent control, we apply a magnetic

field that lifts the degeneracy between the state jms ¼ �1i.
As discussed in Sec. II of the SM [32], crystal strain
partially lifts the degeneracy between the jms ¼ �1i state
and possibly also between the four orientations of the NV if
anisotropic. Applying a magnetic field will thus ensure an
addressing of a more homogeneous class of NV centers.
This will in turn reduce the ESR linewidth and improve
the measured coherence time. Applying a magnetic field,
however, means that the measurement must be realized on
angularly stable particles (see Secs. II and III of the SM
[32]). Figure 2(a) shows an ESR taken under atmospheric
pressure in the presence of a magnetic field of about 50 G.
Eight distinctive dips are observable, corresponding to the

projection of the magnetic field over the four NV quantiza-
tion axes inside the levitating diamond crystal. When
comparing this with typical ESR widths and contrasts
obtained with deposited diamonds [32], we conclude that
the diamond does not rotate over the course of the meas-
urement. This angular stability was interpreted in Ref. [31] to
be due to a trapping mechanism akin to that of the center of
mass when the shape of the diamond particles is asymmet-
rical (a SEM image of the diamonds is shown in Sec. I of the
SM [32]). Here, the laser and microwave signals are just
below the saturation of the transition; we then expect the
ESR width to be determined mainly by the coupling to the
diamond strain and coupling to impurities [42,43]. Each
ESR dip is indeed well approximated by a Gaussian function
with an average width σ of about 8 MHz. We thus expect T�

2

times of about 50 ns.
Another important quantity is the lifetime of the spin

population in the jms ¼ 0i state, the so-called T1 time,
which can be as long as milliseconds in bulk diamonds at
room temperature. For optomechanical experiments involv-
ing spins, ideally the population lifetime time should equal
half of the transverse coherence time for an optimum spin
coupling to the motion coupling [8,27]. It is thus important
that the T1 time is as large as possible, and possibly limited
by electron to phonon processes, as can be the case in pure
bulk diamonds [44,45]. Figure 2(b) shows a measurement
of the T1 time of NV centers in the levitating diamond. The
typical parameters of a sequence are detailed in Sec. II of
the SM [32]. The evolution of the PL as a function of the
waiting time shows exponential decay of the photolumi-
nescence, indicating that the NV centers remain in the
jms ¼ 0i state for more than 3 ms. Such a long T1

highlights two features of this experiment: in our diamonds,
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FIG. 1. Schematics of the experiment. A charged micron-sized
diamond containing NV centers is levitating in a Paul trap. The
spin properties of the NV centers are analyzed using confocal
microscopy with both oscillating and static magnetic fields. The
trap can be operated under vacuum or atmospheric conditions.
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FIG. 2. (a) Electronic spin resonance spectrum, (b) longitudinal
spin relaxation, and (c) Rabi oscillations from NV centers in a
diamond monocrystal levitating in a Paul trap under ambient
conditions.
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the T1 is close to typical bulk values. Compared to nano-
diamonds, it is thus not shortened by coupling of the NV
spins to surface dangling bonds of paramagnetic impurities
[46]. Second, the Paul trap does not significantly modify the
longitudinal spin properties of the NV centers. This offers
the prospect of increasing T�

2 towards millisecond-long
coherence times via dynamical decoupling techniques [47].
We now demonstrate coherent control on many NV

centers in the trapped diamond. We choose the extremal
jms ¼ 0i to jms ¼ þ1iESR line and apply a sequence of
microwave pulses with varying duration at this microwave
frequency. Figure 2(c) shows a plot of the normalized PL rate
as a function of the microwave duration. Rabi oscillations are
observed for more than 1 μs. The Rabi envelope decay is
characteristic of the environmental noise spectrum [48] (see
Sec. II of the SM [32]). However, the observed damping time
does not give direct access to the T�

2 time. When the Rabi
frequency is lower than the ESR width, less spectrally
distinct NV centers’ spin and/or more classes of NV to
nuclear spin couplings within the ESR profile are being
excited, which effectively decreases the Rabi decay rate. The
decay time can in fact be longer than the T�

2 time and is
determined to a large extent by the employed microwave
power [49–51] (see also Sec. II of the SM [32]).
We now proceed with the demonstration of Ramsey

interference with the NV spins in order to estimate the T�
2

time of the NVs in the levitating diamond. Ramsey
interference is generally realized on two-level systems
driven by two π=2 pulses separated by a time τ, as depicted
in Fig. 3(a). To probe the coherence time, we detune the
microwave and scan the time interval τ using levitating
diamonds. Figure 3(a) shows the change in the

photoluminescence rate as a function of the free precession
time τ for three different detunings from the central line and
π=2 microwave pulse duration of 50 ns. Traces (i), (ii), and
(iii) correspond to detunings Δ=2π of 11, 15, and 20 MHz,
respectively. A pronounced oscillation of the PL is
observed as a function of the precession time, and the
precession period closely follows the inverse of the micro-
wave detunings. A Gaussian fit to the data yields decay
times of 45� 4, 50� 5, and 45� 3 ns, respectively. Using
a T�

2 value of 47 ns gives a corresponding ESR width of
9.4 MHz, very close to our measured ESR width value.
To probe even further the capability of the Paul trap to

preserve the electronic spin coherence, we now apply the
spin-echo sequence depicted in Fig. 3(b). In the high
pressure, high temperature diamond samples we use,
temporal inhomogeneity resulting from nuclear spin impu-
rities typically shift the energy of the NV centers’ spins and
affect their coherence on microsecond timescales (see
Sec. II of the SM [32]), so applying a π pulse between
the two π=2 pulses can compensate for the associated
spin dephasing. The result of the measurement is shown
Fig. 3(b)(i), where the PL rate is plotted as a function of the
precession time. The inset shows the corresponding reso-
nant Ramsey curve. The PL rate change is well approxi-
mated by a decaying exponential curve, from which we
extract a decay rate of 1.4 μs [49,52]. Surprisingly, these
values are similar to that observed with deposited diamonds
(see Sec. II of the SM [32]). We conclude that the trap does
not affect significantly the transverse spin coherence.
The above experiments were realized under ambient

conditions. Typical optomechanical applications, however,
require operation in the underdamped regime—that is, in
the regime where the collision rate with surrounding gas
particles is smaller than the macromotion frequency of the
trapped diamond. As shown in Sec. I of the SM [32], the
underdamped regime is reached in the millibar range in our
experiment. To efficiently control the spins then, an impor-
tant signature would be the presence of the four stable spin
orientations in the ESR, which has not been observed so far
in the underdamped regime. Indeed, angular stability is
much more challenging to achieve under vacuum, where the
trapping frequencies are lower and any nonconservative
force heats up the particle motion significantly [32].
Figure 4(a) shows an ESR spectrum taken under 1.5 mbar

of vacuum pressure. Although the ESR contrast is, on
average, reduced due to the smaller employed microwave
and laser powers (see Sec. II of the SM [32]), the presence
of eight distinctive Gaussian dips shows again that this
diamond did not rotate significantly over the course of the
measurement. The key ingredient to observing angular
stability under vacuumwas the fabrication of a small highly
confining ring trap to counteract nonconservative forces,
such as the laser radiation pressure torque on asymmetric
particles [31] or residual micromotion. This observation
means that coherent driving on one NV orientation is
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FIG. 3. (a) (Top panel) Sequence used for measuring Ramsey
oscillations with NV centers. (Bottom panel) Ramsey oscillations
from NV centers in a levitating diamond measured for three
microwave detunings Δ=2π from the ESR line under atmospheric
conditions. (b) Spin-echo sequence and normalized photolumi-
nescence as a function of precession time for the echo sequence
[trace (i)] and Ramsey measurements with a resonant microwave
tone [trace (ii)].
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possible. Figure 4(b) indeed shows Rabi oscillations taken
at 1 mbar of vacuum pressure, where contrasted coherent
oscillations are observed with decay times similar to that
measured under atmospherical conditions. Figure 4(c)
shows spin-echo and Ramsey (inset) measurements.
Ramsey measurements are taken at a detuning of
23 MHz. A clear variation of the PL is seen from 20 to
40 ns similar to under atmospheric conditions. The decay
time is estimated to be around 40� 10 ns. Spin echoes
show an exponential decay time of 3.3 μs. Again, there is
no significant influence of the trap on the spin properties,
even under this low vacuum level, where other levitating
schemes suffer from heating that impacts the NV photo-
physical properties [23–26,53]. It is then likely that using
purer samples, such as milled CVD diamonds [54–56]
or dynamical decoupling techniques, will significantly
increase the coherence time to milliseconds, very close
to the oscillation frequency of our trapped diamonds.
Our results will find direct use in the field of spin

optomechanics. A lot of effort is directed towards establish-
ing a platform for coupling single spins to mechanical
systems at the quantum level. Both tethered [8–10] and
untethered [11–14] mechanical systems are being inves-
tigated. The latter makes use of single spins that are
embedded in a moving particle in the presence of a fixed
magnetic field. One promising way to establish strong
coupling between the spin and mechanical d.o.f. is to
couple NV centers to the rotational mode of a nanodiamond
levitating in a Paul trap. The idea is to make use of the
inherent quantization axis of the NV center to apply a
torque to the whole nanodiamond. This can be done by
coherently driving spin states dressed by a transverse
magnetic field B in the angular sideband resolved regime
[14]. The coupling rate is proportional to the single phonon

shift λϕ ¼ γBϕ0, where γ is the gyromagnetic ratio of the
electron and ϕ0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ℏ=2Iωϕ

p

is the ground state extension
of the angular mode. I is the momentum of inertia, and ωϕ

is the angular frequency of the considered rotational mode.
The strong coupling condition is attained when the spin-
coupling rate to the rotational mode is larger than the
decoherence time of both the spin and the rotational mode.
To achieve this goal, the coherence time of the NV

center should not be impacted by the trap and the mean
particle angle should be locked to a given position. Our
observation of long spin echoes under vacuum together
with angular stability thus confirms that combining a Paul
trap with spins in diamond is a viable option for such a
spin-optomechanical scheme.
To contemplate coupling the motion of the particle to the

spin now, the confinement frequency (at present in the
kilohertz range) should be increased. It can be dramatically
improved by reducing the trap size, raising back the voltage
under high enough vacuum (see Sec. II of the SM [32]), and
adding end-cap electrodes. One can then also reduce the
size of the particle to increase the charge-to-mass ratio.
Considering an prolate (aspect ratio 1∶3) 180 nm diamond
particle with a similar surface charge density to what we use
here, in a 60 μm ring trap diameter and a peak voltage of up
to 3000 V, the frequency of the highest rotational mode ωϕ

is then expected to be around 100 kHz [14], which requires
a T�

2 time of 10 μs to be in the sideband resolved regime.
Using lower vacuum pressures to minimize collisions with
gas particles and many NV centers [12] will then allow it to
be well within the strong coupling regime.
We demonstrate efficient coherent control of the spin of

NV centers inside a levitating diamond. Spin echoes are
employed to show that the surface charges and the high
electric potential difference between the diamond and the
ring Paul trap do not impact the coherence time of the spins
on microsecond timescales. Furthermore, the NV centers
are used as motional probes for the levitating diamond.
We could indeed identify a regime where the trap strongly
stabilizes the particle angle under vacuum against the
angular micromotion [14] and the laser radiation induced
torque [31]. These results establish the Paul trap as a robust
platform for precision manipulation and detection of
trapped macroscopic objects using embedded atomlike
emitters. Our demonstration of angular stability already
opens a clear path towards strong coupling to the rotational
d.o.f. [12,14]. A tantalizing prospect will be to use
dynamical decoupling techniques [57] to bring the NV
center’s coherence time close to the millisecond-long T1

time in order precisely measure the center-of-mass motion
using magnetic field gradients. This will offer prospects to
experiments such as matter wave interferometry [16,17],
quantum gravity sensing [18], strong coupling [8,9], and
cat state preparation [15] which rely on the ability to
maintain long coherence times for spin-state superpositions
in a trapped object.
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FIG. 4. Spin control of NV centers in diamonds levitating in the
underdamped regime. (a) Electronic spin resonance, (b) Rabi
oscillations and (c) spin echo, and (inset) Ramsey measurements.
All measurements are conducted under about 1 mbar of vacuum
pressure.
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