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Spin-mechanics with levitating ferromagnetic particles

P. Huillery!, T. Delord!, L. Nicolas!, M. Van Den Bossche', M. Perdriat', and G. Hétet!
! Laboratoire de Physique de I’Ecole normale supérieure,
ENS, Université PSL, CNRS, Sorbonne Université,
Université Paris-Diderot, Sorbonne Paris Cité, Paris, France.

We propose and demonstrate first steps towards schemes where the librational mode of levitating
ferromagnets can be strongly coupled to the electronic spin of Nitrogen-Vacancy (NV) centers in
diamond. Experimentally, we levitate soft ferromagnets in a Paul trap and employ magnetic fields
to attain oscillation frequencies in the hundreds of kHz range with Q factors close to 10%. These
librational frequencies largely exceed the decoherence rate of NV centers in typical CVD grown
diamonds offering prospects for resolved sideband operation. We also prepare and levitate composite
diamond-ferromagnet particles and demonstrate both coherent spin control of the NV centers and
read-out of the particle libration using the NV spin. Our results will find applications in ultra-
sensitive gyroscopy and bring levitating objects a step closer to spin-mechanical experiments at the

quantum level.

Spin-mechanical systems where electronic spins are en-
tangled to the motion of individual atoms are now widely
used for studying fundamental phenomena and for quan-
tum information and metrological applications [1]. In-
spired by the coupling schemes developed for trapped
atoms [2] and single ions [3, 4], new ideas emerged to
extend the field to macroscopic systems [5-16], with per-
spectives to test quantum mechanics on a large scale [17].

One long-standing goal in the field is the coupling of
a macroscopic object to electronic spins. In this direc-
tion, the electronic spin of the nitrogen-vacancy (NV)
center in diamond stands out as a promising solid state
qu-bit with efficient optical initialization and read-out
[18] and long coherence times [19-21]. Proposals for cou-
pling NV spins to the motion of cantilevers at the quan-
tum level through magnetic forces [10, 22, 23] or lattice
strain [15, 24] have been put forward. Although impor-
tant experimental achievements have been made [25-32],
the low spin-mechanical coupling rate caused by the large
mass of the cantilever has for now not allowed coherent
actuation and cooling of its motion. Levitating nano- or
micro-diamonds provide light mechanical oscillators and
alternative schemes have been proposed to couple their
center of mass [6, 33] or librations [14, 34] to NV spins.
Under high vacuum, such platforms could take advan-
tage of the high quality factor of the mechanical oscil-
lator [35, 36], but experimental progresses with optical
tweezers [37-39] have been hampered by laser heating of
the diamond [37, 38, 40]. Other scattering-free traps such
as magneto-gravitational [41] or Paul [42-45] traps have
also been implemented. However, their low mechanical
frequency put a severe road-block on the way towards
recently proposed spin-entanglement schemes [8, 46] and
limits the efficiency of the recently demonstrated spin-
cooling of the motion of a trapped diamond [47].

Here we propose and demonstrate first steps towards
novel platforms for spin-mechanical coupling that lever-
ages the aforementioned issues. Here, ferromagnets are
levitated in a Paul trap and their librational mode is
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FIG. 1. Schematics showing two proposed platforms for
strong spin-mechanical coupling using the librational motion
of ferromagnets levitating in a Paul trap. In the first setup (a),
a nano-magnet is levitating at a distance d from the electronic
spin of an NV center within a bulk diamond at cryogenic tem-
perature. In the second proposed set-up (b) a diamond is at-
tached to a nano-magnet and coupled to the libration via the
external static B field. c) Potential energy of the magnetic
field dependent harmonic libration resonantly coupled to the
two-level spin system via a detuned microwave.

confined by an external magnetic field. Under modest
magnetic fields (in the 0.1 to 1 T range), this levitated os-
cillator can reach frequencies ranging from 0.1 to 1 MHz,
similar to the mechanical frequencies obtained using op-
tical tweezers.

The proposed spin-mechanical coupling is achieved in
the two ways that are depicted in Fig. 1. In the first
scheme, the libration of a ferromagnet is coupled to the
spin of a distant (~ 1um) NV center located in a fixed
cold nanopyramid (Fig. 1-a)) grown by Chemical Va-
por Deposition (CVD), inspired by magnetic force mi-
croscopy (MRFM) [48, 49] and single spin magnetometry
platforms [26, 50]. This scheme allows harnessing of the
properties of NV spins in pristine diamonds at cryogenic
temperature, in particular high fidelity initialization [51],
and high fidelity projective read-out through heralding
protocols [23, 52]. One downside of this proposal is the
necessity to control the position of a diamond tip at the



nanometer level and the potential nuisance coming from
the interaction between the charges on the two objects
which may impact the magnet motion. In the second
scheme, a diamond containing NV centers is attached
directly to the levitating ferromagnet (Fig. 1-b)). This
scheme will bypass the above mentioned distant coupling
constraints. Furthermore, although it is similar to the
proposal put forward in [14] it will benefit from the large
librational frequencies of the hybrid structure, which is
necessary for resolved sideband operations.

Towards the first scheme, we assemble and levitate
micron-sized particles of soft ferromagnetic materials ex-
perimentally. Under a magnetic field of 0.1 T, we observe
librational frequencies exceeding 150 kHz, close to the
decoherence rate of NV centers in pure diamonds, and
Q-factors close to 10* at only 10~2 mbar of vacuum pres-
sure. Towards the second scheme, we trap two types of
hybrid particles composed of a nano-diamond attached
to a soft ferromagnet and a micro-diamond with a ferro-
magnetic coating. Using these composite structures with
large librational confinement, we show both efficient co-
herent manipulations of the NV centers’s spins and spin
read-out of the particle libration.

I. THE LEVITATING MAGNETS

At the heart of these proposals, is the levitation of fer-
romagnetic particles in a Paul trap. In this section, we
first demonstrate the levitation of spherical micron-sized
particles made from iron with 98 % purity (Goodfellow,
ref. FE006045), using similar ring traps and injection
techniques than in [44, 53]. The trap consists in a small
25 pm thick tungsten wire with an inner radius of 200 pm.
It is oriented so that the ring plane is perpendicular to
the optical axis. As shown in the SEM picture 2-a), the
particles are spherical in shape. While their diameters is
rated to be from 1 to 6 yum, scanning electron microscopy
images of our sample shows that diameters vary roughly
from 0.5 to 3 pm with most of the particles having a di-
ameter around 1 ym. The particles come in the form of a
dry powder and did not undergo specific surface process-
ing. They are injected in the trap using a small metallic
tip that is dipped into the powder and brought in the
vicinity of the trap. With such micron-sized particles, we
can operate the trap with a peak-to-peak voltage ranging
from V,.=100 V to 4000 V at driving frequencies in the
kHz range. Particles are generally injected in the trap
under ambient conditions at V,.=4000 V and at a trap
frequency of a few kHz.

Overall, the imaging set-up (laser, microscope objec-
tive, vacuum chamber...) and the trapping conditions
are similar to experiments realized with micro-diamonds
[44, 53]. However, while levitating diamonds are al-
most always negatively charged, we found that both pos-
itively and negatively charged iron particles can be sta-
bly levitating in the trap. This indicates that the tribo-
electricity, responsible for the charge acquired by the par-

ticles during friction, differs between iron and diamond.
Given these observations, on one levitating iron particle,
both positive and negative charge patches may be present
simultaneously. This is an important observation with
regards to the assembly operation that we describe next.
For soft ferromagnets, best angular confinements are
obtained for elongated bodies thanks to shape anisotropy
[54]. In the experiments, we form elongated rods such as
the ones shown in Fig.2-c) by levitating simultaneously a
few particles in the trap and applying a magnetic field to
bind them together using the attractive magnetic forces.
We use the following procedure:

1- We inject several iron particles simultaneously in
the Paul trap. Given the large size of the trap (200
pm diameter) compared to the size of the particles,
tens of particles can be levitated simultaneously.

2- We lower the trap potential and eject some particles
using air currents in order to leave 2 to 4 particles
in the trap (the optimum aspect ratio for achieving
large librational frequencies is calculated next).

3- We increase the Paul trap confinement back by re-
ducing the trap frequency in order to bring the par-
ticles as close as possible from each other. At this
stage, particles of the same total charge still repel
each other due to electrostatic forces, forming a so-
called Coulomb crystal.

4- We then apply a magnetic field by approaching
manually a permanent magnet next to the trap.
The magnetic forces between the different particles
(which are then magnetized) are attractive. For
sufficiently high magnetic fields, on the order of
few tens of Gauss, attractive magnetic forces over-
come the repulsive electrostatic forces so that the
particles bind together, forming a rod aligned in
the direction of the magnetic field. The eventual
presence of charge patches of different sign on the
particles, mentioned in the previous section, might
also assist the binding process.

Once a rod is formed, particles remain bonded together
even when the external magnetic field is nulled, thanks
to remanent magnetization and/or due to van-der-Waals
forces.

Fig.2-c) shows pictures of several levitating particles
obtained by shining incoherent light onto the particles
and using the objective to image the particles onto a CCD
camera. Various shapes can be obtained, which, as we
now discuss, will imply different librational confinements.

A. Magnetic confinement of ferromagnetic particles

We present here theoretical estimations of the torque
applied to ferromagnetic particles by an external mag-
netic field and of the corresponding librational frequency.



FIG. 2. a) Scanning electron microscopy image of the iron
particles outside the trap. b) Image of the 15 ym diame-
ter wire used to determine the magnification of the imaging
system. c¢) Images of 3 levitating rods of various shapes.

T

FIG. 3. a) Prolate ellipsoid. b) Image of the particle used for
the measurement of the magnetic librational frequency versus
magnetic field. An ellipsoid with approximatively the same
dimensions is drawn on top of the particle.

We consider first the torque resulting from shape
anisotropy applied on a prolate ellipsoidal soft magnetic
body, which tends to align the long axis of the particle
along the magnetic field direction (see Fig.3-a)). In [54],
a model to calculate magnetic forces and torques applied
on ideal soft ferromagnetic axially symmetrical bodies
has been developed and tested experimentally with ex-
cellent quantitative agreement. Considering a particle
with axial and radial dimensions 2a and 2b, the torque
applied on the body by a weak external magnetic field B
is given by

Vine —nag)
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TR GO (1)

Tsoft (¢) =
where ¢ is the angle between the magnetic field and the
body symmetry axis, V = 4; ab? is the volume of the
particle, po is the vacuum magnetic permeability and
Ny, g € [0,1] are the so-called demagnetisation factors.
The latter are purely geometrical factors and can be cal-
culated analytically for ellipsoidal bodies [55] to give
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where R = a/b is the aspect ratio of the particle. This
expression of the torque is valid for a soft ferromagnetic

material with large magnetic susceptibility (x > 1) and
a magnetic field satisfying

where my is the magnetisation at saturation of the mate-
rial. Under those conditions, the torque does not depend
on the magnetic properties of the body but only on its
geometry.

From kinematics principles, we find that the librational
frequency for the angle ¢ resulting from the magnetic
torque Tyopt is given by

Vin, — na)B
Itﬁuonanr

(2)

w¢:

where I, = pV(a? + b%)/5 is the relevant component of
the particle rotational inertia, p being the particle den-
sity.

The librational frequency is proportional to the applied
magnetic field and, for a given aspect ratio, it is inversely
proportional to the particle size. This latter property can
be seen by writing
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FIG. 4. Magnetic librational frequency versus aspect ratio
for a soft ferromagnetic ellipsoid with fixed minor-axis. The
ellipse drawn in the middle of the figure has an aspect ratio
of ~ 2.6 which gives the highest magnetic libration frequency.
The minor-axis is set to 25 nm and the magnetic field to 0.1 T.

Fig.4 shows w,/2m versus the particle aspect ratio for
a fixed minor-axis size. Best librational frequency is ob-
tained for an aspect ratio of R &~ 2.606. For an ellipsoid
of 75 nmx25 nm under a field of 0.1 T, we would then
obtain wyg =~ 2mx24 MHz.

Hard ferromagnetic materials (permanent magnets)
could even offer much stronger magnetic librational fre-
quencies than their soft ferromagnetic counterparts. For
a magnet with uniform magnetisation m the torque tends
to align the particle magnetisation direction along the ex-
ternal magnetic field. As long as the external field does
not modify the magnetisation of the material, the torque
is simply given by

Thara(¢) = VmBsin(g), (3)



a)

excitation coils —-

permanent magnets

c) exc. coils

detection

time

FIG. 5. a) Experimental setup. A ferromagnetic rod is lev-
itating in a ring Paul trap. A pair of permanent magnets
generate a uniform magnetic field B that confines the parti-
cle orientation. Magnetic coils are used to excite the particle
librational motion via a transverse field Bext. b) Image of
a levitating ferromagnetic rod showing the speckle pattern
upon green laser excitation. ¢) Sequence used for excitation
and ring-down measurements.

where ¢ is now the angle between the magnetisation and
magnetic field directions. This formula holds for any par-
ticle shape. Magnetic librational frequencies are then
given by wy = /VmB/I,. For a 5.4um x 2.5pum el-
lipsoidal neodynium particle, under a field of 0.1 T, we
find wy ~ 27 x18 MHz. We assume for this a magnetisa-
tion of 1.6 T and a density of 7.4 g/cm3. For a smaller
75nmx 25nm ellipsoid, we have wg ~ 27x1.3 GHz. Ex-
perimentally, trapping micro or nano-particles of a hard
ferromagnetic material would be highly beneficial to
boost mechanical frequencies.

II. DETECTING THE LIBRATION OF
LEVITATING MAGNETS

Experimentally, once a rod is formed with a quasi-
ellispoidal shape and stably levitating in the Paul trap,
we apply a homogeneous magnetic field B of up to 0.1 T
using permanent magnets. We calibrated the magnetic
field generated by the two permanent magnets as a func-
tion of their distance from the levitated particle using
a Hall probe. Then, we use a pair of external coils in
Helmholtz configuration in order to excite the librational
mode of the levitating ferromagnet. The coils generate
a magnetic field perpendicular to the field produced by
the permanent magnets used to confine the orientation
of the particle, allowing us to displace the particles from
their equilibrium orientations. We can thus excite the li-
brational mode by switching the current flowing through
the coils. We typically run the coils with a current of
0.5A that is switched off in around 2 us using a fast elec-
tronic switch (EDR83674/2 from company EDR). While

the coils mainly excite the librational mode of motion,
the center of mass motion is also weakly excited. To
favor the excitation of the librational mode while mini-
mizing the center of mass excitation, the coils current is
switched ON and OFF, 3 times, at a frequency close to
the librational frequency (See Fig.5-c)).

After excitation, we measure the particle angle opti-
cally. Using the objective inside the vacuum chamber,
we focus a green laser onto the particle and collect the
reflected light. As shown in Fig.5-b), at the particle im-
age plane which is located few tens of centimeters away,
an image of the particle is formed with an additional
speckle feature coming from the coherent nature of the
illumination. To detect our signal, we focus a small area
of this image onto a single-mode optical fibre and detect
the photons transmitted through the fibre with a single
photon avalanche photodiode. Thanks to the speckle fea-
ture, the detected signal is highly sensitive on the particle
position and orientation. For a given levitating particle,
we can optimize, in real time, the signal coming from the
angular displacement of the particle by selecting the most
favorable region of the particle image. To do this, we op-
timize the change in our optical signal while switching
the excitation coils at a frequency of 1 Hz.

Our detection method is not intrinsically linear, i.e.
the optical signal is not necessarily linear with the angu-
lar displacement, and indeed, harmonics of the librational
frequencies can be seen on the signal. However, quasi lin-
earity can be obtained by finely adjusting the detection
zone on the particle image.

A. Libration frequency

We show in Fig.6-a) the optical intensity reflected from
the particle under a small magnetic field B of 10 mT as a
function of time. As expected, the librational frequency
is found at a much higher frequency (27x20.7 kHz) than
the maximum Paul trap confinement (given by the trap
frequency, here 2w x2.5 kHz). Residual center of mass
excitation is also observed at about 2 kHz, as shown in
the inset.

Fig.6-b) shows the librational frequency as a func-
tion of the magnetic field. The librational frequency
is shown to depend linearly on the applied magnetic
field as expected. A maximum of wg/27r = 170 kHz
was measured using an external magnetic field close to
0.1 T. Approximating our experimentally trapped elon-
gated rods with ellipsoids, we can compare our experi-
mental measurement of wg to the above theoretical cal-
culations. Theoretically, for an ellipsoid of 5.4pumx2.5um
as drawn on top of the image, and taking an iron density
of 7.86 g/cm?, we find we ~ 2mx240kHz at a magnetic
field of 0.1 T. This is in fair agreement with the experi-
mental value given the rough approximation made on the
particle shape. For this particle shape, the torque equa-
tion is valid for magnetic fields below 0.46 T, assuming
a magnetization at saturation of iron of 2.2 T. This con-
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FIG. 6. a) Magnet ring-down under atmospheric pressure.
Points are experimental data. The solid line is a fit (explana-
tions in the text). The inset shows the Fourier transform of
the temporal signals. b) Librational frequency wg/27 versus
magnetic field B ¢) Power spectrum of the magnet libration
undergoing Brownian motion at a pressure of 4.5x 10~ mbar.
d) Quality factor at atmospheric pressure as a function of li-
brational frequency. .

firms that a linear dependence of wy with the magnetic
field is effectively expected for the range of fields used
in the experiments (from 0 to 0.1 T). Again, since wg
increases with decreasing particle size, larger librational
frequencies could be obtained for levitating nano parti-
cles.

B. Quality factor

In addition to this large trapping frequency, a moder-
ate vacuum of 4.5 x 10~2 mbar already enables reaching
a Q-factor of up to 9.3+ 0.8 x 10% (see Fig.6-c)), and can
be even larger under higher vacuum. We could finally
verify both the linear dependence of the quality factor
as a function of wy at atmospheric pressure (shown in
Fig.6-d)). The current limitation in our experiment is
the locked rotation of the magnet around its main axis at
lower vacuum pressure, which blurs the speckle pattern
we use for detecting the libration. This locked rotation,
which was also observed with diamond particles [44] is
a driven rotation of the particle at a frequency equal
to half of the Paul trap driving frequency. It will be
studied in a forthcoming paper.

The present results show that magnetically confined

ferromagnets levitating in a Paul trap form high qual-
ity mechanical oscillators, which will find applications
in sensitive gyroscopy [56] and torque balances [57, 58].
Compared to other levitation systems, it is also free of
the photon shot noise that ultimately limits the quality
factor for optical trapped particles [59]. Another per-
spective is the study of the interplay between magnetism
and orbital angular momentum [60], i.e.. the Einstein-de
Haas/Barnett effects [61], which would manifests itself
when using particles with much smaller moment of iner-
tia [62].

Most importantly, the large wy/27 is very promising
with regards to coupling the ferromagnet motion to NV
centers’ spin. It indeed largely exceeds the kHz linewidth
of the spin transition in isotopically purified bulk dia-
mond [20], opening the way to the two schemes depicted
in Fig. 1-a) and b). We now show discuss how to im-
plement the first scheme, and then show experimental
results on the way towards the second scheme.

III. COUPLING LEVITATING MAGNETS TO
NV CENTERS

NV centers are point-like defects in diamond that com-
bine both long lifetimes and room temperature read-out
and initialization of their electronic spins, making them
ideal candidates for an efficient spin-mechanical platform.
Several schemes have been proposed to couple the elec-
tronic spin of an NV center to a magnetized cantilever
[22], or to the center of mass [6, 33] or librational modes
[14, 34] of levitating diamonds. For the latter proposals,
the NV spin natural quantization axis is essential for ap-
plying a spin-dependent torque. A spin-mechanical cou-
pling can then similarly be achieved using the librational
modes of a levitating magnet with the advantage of high
motional frequency.

Let us first present the scheme depicted in Fig.1-a),
where the librational mode is coupled to a distant NV
center in a nano-pyramid at 4K. Here, the NV spin prop-
erties in pure bulk diamond at cryogenic temperatures
can be fully harnessed: in particular the sharp ESR lines
of isotopically enriched diamonds [20, 63] and the high
fidelity spin initialization and read-out [51].

A. Coupling the librational mode of levitating
magnets to a distant NV center : Scheme 1

We first present the calculations involving the libra-
tional mode of levitating magnet coupled to a distant NV
center. This corresponds to the proposal a) of the Fig. 1.
Note that this scheme is largely inspired by the proposals
to couple an NV spin to a magnetized cantilever [22] or
to the librational mode of a levitating diamond [14, 34].
We therefore only present estimation of the magnitude
of the spin-mechanical coupling.



1. NV configuration in the field generated by the
maicro-magnet

Figure 7-a) is a schematics of the proposal, including
the involved parameters. The spin-mechanical coupling
is obtained through the field By, generated by the micro-
magnet at the NV position. The amplitude and direction
of this magnetic field varies with the angle ¢ between the
magnetic moment M of the micro-magnet and its equilib-
rium position along the external magnetic field Bg. This
can then give rise to a coupling between the spin and the
magnet libration. To obtain a strong enough coupling,
the NV center must be placed close to the magnet. There
are also two other constraints for obtaining a strong cou-

pling:

e The NV center axis must be aligned with the to-
tal magnetic field By = Bg + By, to avoid spin
state mixing by the transverse magnetic field. This
would indeed degrade spin initialization and read-
out efficiency [64].

e The first order variation of By, with ¢ should be
maximal and along the NV axis unv.

Let us first note that the external magnetic field Bg
orientation and amplitude is already determined as it is
needed for confining the angular degree of freedom of the
micro-magnet. This angle fixes the orientation of the NV
axis along the total field B¢. The only degree of freedom
left is the angle 6 of the NV around the magnet.

With a spherical levitating magnet, the field generated
by the magnet at a point given by the polar coordinates
(d,0) will be

3
Bn(9) = % (2cos(0 — p)ey +sin(d — ¢)eg) ,
(4)

where M is the magnetization of the magnet material, R
the radius of the magnet.

Since the mean orientation of the magnet is aligned
with the external magnetic field Bg (i.e. ¢ = 0) and the
NV center is aligned along the total field Bg + By, one
can calculate the derivative of the field along the NV axis
and perpendicular to it as a function of §. We find that
for a particular angle 6,, the contribution along the NV
axis is maximal and the one perpendicular to it cancels.
We then have

1 3D
90p = 5 arccos <_6BO—|—¢I)¢) 5 (5)

where Dy = MR3/(d + 1)3.

At this optimal value we have 0B¢/0¢ = Dgunv.
Note that this angle is actually close to 7/4 since the
homogeneous magnetic field tends to be stronger than
the magnetic field gradient at a large distances from the
levitating magnet.

b) Coupling rate A¢y/2 m (Hz)

Levitating K
micro-magnet N 9

d
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o
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FIG. 7. a) Configuration of the NV center spin relative to the
levitating magnet. d is the distance between the magnet and
the NV center. 0 is the angle between the external magnetic
field and the NV-magnet axis and ¢ is the angle between the
magnetic field and the particle orientation. The NV center
orientation is chosen to be along the total field By = Bo+Bm.
b) Coupling rate as a function of particle size and distance
from the NV spin using a levitating neodynium micro-magnet
with we /27 = 200 kHz. Red curve corresponds to Ay /27 =
1/500ps.

2. Spin-mechanical coupling rate

In the optimum configuration, the total field at the
NV center is along the NV axis up to first order in ¢
and Dg. In order to obtain a resonant interaction, a
resonant microwave is added to drive the |m, = 0) —
|ms = 1) spin transition of the NV center electronic spin
at a Rabi frequency Qg = wy. The spin-only part of the
Hamiltonian is then diagonal in the |+) = (|0) 4 [1)) /v/2
basis and the full Hamiltonian can be written :

H/h=wyS, +wyata+vDyooSs (a'+a), (6)

where SYM are the Pauli matrix operators in the |£) basis,
7 is the gyromagnetic ratio of the NV electron spin, a'
and & are the creation and annihilation operators for the
phonon of the angular motion, and ¢g = \/h/(2Ipwy) its
zero-point motion.

The Hamiltonian (6) is a Jaynes-Cummings (JC)
Hamiltonian, describing coherent exchange between
phonons and the spin at a rate Ay = vDg¢o, which occurs
in the so called strong-coupling regime where the deco-
herence of both the spin and the mechanical oscillator are
small compared to A\y/2m. Fig. 7-b) shows the coupling
strength \,/27 as a function of the distance d from the
levitating magnet and as a function of the magnet radius
R. The values of A\y/27 are calculated assuming a fixed
ferromagnet librational frequency wg /27 = 200 kHz. The
latter assumption ensures that the JC coupling is per-
formed in the resolved sideband regime with ultra-pure
CVD-grown diamond tips. The strong coupling condi-
tion Ay/2m > 1/T5 can be reached with R and d in the
100 nm range and considering an NV electronic spin with
a coherence lifetime T ~ 500 ps [20].

This coupling scheme and the high degree of coherent
control of the spin can be used to generate non classical
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state.

mechanical states such as the zero phonon ground state or
any arbitrary superposition states [10, 65]. A key point
here is the NV spin excellent initialization fidelity. At
cryogenic temperature (4K), it can be initialized in the
|0) or |1) state by using resonant optical excitation: after
a few optical cycles, the NV spin has a high probabil-
ity to relax to the spin state for which the optical ex-
citation is non-resonant. Initialization fidelity can then
be as high as 0.998 for the |ms = £1) state [66]. Effi-
cient ground state spin-cooling can be achieved even in
the regime where \;/2m < 1/T5. Generally, in the re-
solved sideband regime and under high vacuum (in the
102 mbar range), the limitation to efficient cooling is
the longitudinal relaxation time T;. Using the proposed
scheme will bypass this limit since 77 (4K) ~ 100 s [67].
Using sideband cooling, the mean final phonon number
will thus be limited only by the spin initialization fidelity.

Figure 8 depicts the sequence that one can use to pre-
pare a one phonon Fock state from the ground state.
Here, we assume perfect spin initialization and neglect
the decoherences sources. The spin is first initialized
in the |0) state and rotated to the |+) state by a /2
microwave pulse polarized along the z axis. A reso-
nant microwave is then turned on to achieve the spin-
mechanical resonance, with a Rabi frequency Qg = wg
and a polarization along the y axis (or with a 7/2 de-
phasing compared to the first microwave pulse). After a
time 7 = 1/(2)y), the spin is flipped due to coherent ex-
change with the mechanical oscillator: a subsequent /2
pulse (z polarization) maps it unto the |1) state while
the phonon number has increased by one.

In order to first cool the oscillator to the ground state,
one only needs to apply this sequence but with an op-
posite rotation of the spin so that it is in the |—) state
before the spin-mechanical coupling. The fidelity of the
state obtained in the stationary regime usually depends
on the 77 of the oscillator. At low enough pressures,
heating from gas molecules will be negligible (see below)
so the mean phonon number will here be solely limited
by the spin initialization fidelity (0.998) to ~0.002.

Once in the ground state, sequences similar to the one
described above can be applied to generate any desired
state [22, 68]. To obtain a high fidelity for these schemes,
one is however limited to the strong coupling regime as
the decoherence will damp the spin-mechanical Rabi os-
cillations and result in imperfect pulses.

8. Decoherence sources in the scheme 1

We now discuss the two main decoherence sources that
will impact the efficiency of this first cheme. We first
discuss decoherence of the mechanical oscillator and then
on the NV center.

Mechanical oscillator —The main mechanical decoher-
ence is expected to come from gas collisions with the lev-
itating particle and charges fluctuations. The latter will
limit the distance between the NV and the magnet due to
fluctuations in the patch potentials on the diamond tip,
which will eventually disrupt the charged magnet motion.
Estimating the exact influence of such patch potentials is
a complicated matter which depends on the surface ter-
mination. With regards to the former limit, novel the-
oretical tools are being developed to estimate the libra-
tional decoherence rate [69, 70]. The precise value of the
decoherence rate will highly depend on the shape of the
levitating particle, its roughness and eventually the po-
tential governing the scattering of molecules impacting
it. Note that it can be strongly mitigated if one works
with an isotropic particle [69, 70] or under high enough
vacuum. To give a rough estimate of the heating rate and
hence of the lifetime of a mechanical state, we calculate
the damping rate of the levitating particle I'g,s due to air
molecules in the classical regime.

In the Knudsen regime, where the mean free path of
the gas molecules is larger than the size of the levitating
particle, one gets [71] :

10w P
1_\gas = Ueff?p%v (7)

with oeg ~ 1.1 the accommodation coefficient, R is the
radius of the particle, P the pressure in Pascal, p its
density and ¢ the molecular velocity of the considered
gas molecules. Using a 1 um radius sphere, we find a
heating rate of 1 Hz at P = 10~ 3mbar.

NV spin decoherence — The NV spin itself has an
excellent population lifetime (77) at cryogenic tempera-
tures. It can reach up to a hundred seconds [67]. However



NV spins are typically coupled to the fluctuating nuclear
spin bath in the diamond crystal. This results in fluctu-
ations of the frequency of the NV spin and considerably
reduces the T3. Although this effect can be mitigated us-
ing CVD grown diamonds that are isotopically purified to
remove 3C spins and other impurities [19, 72], substitu-
tional nitrogen still impacts the linewidth. The smallest
observed electron spin linewidth as far as we know was
as low as 0.7 kHz (T5=460 ps) [20]. Those coherence
times are however obtained with NV center deep deeply
buried inside the diamond crystal. When the NV spin is
closer to the surface, its properties will suffer from the
presence of surface impurities. The magnetic noise from
those impurities lowers both the lifetime [64] and coher-
ence time [73] of shallow NV spins. It should however
be noted that dynamical decoupling could be integrated
within a spin-mechanical experiment to solve this issue.
The sequence described in figure 8 is actually similar to a
spin-locking decoupling sequence [74], with a decoupling
rate Qp = wg. We expect this will protect the NV spin
from decoherence caused by the spin bath, as already
mentioned in [22]. Tt is difficult to predict the coherence
time one can obtain with this scheme, but using a Hahn
echo decoupling sequence one can reach coherence time
up to 200 us for 5-nm-deep NV spin and of 800 us for 50-
nm-deep NV spin [63]. The impurities themselves could
also be driven to decouple them from NV spins [75].

B. NV centers in diamonds attached to levitating
ferromagnetic particles: Scheme 2

The other proposed scheme for coupling the ferromag-
net librational motion to NV centers is to directly attach
diamonds to the ferromagnet. This scheme is depicted
in Fig. 1-b). Neglecting the magnetic field produced by
the magnet, the interaction Hamiltonian describing the
interaction is given by Hine = ApSq (dT + d) [14].

Here, at and @ are the creation and annihilation opera-
tors of the phonon of the librational motion and Ay is the
spin-mechanical coupling constant [14, 34]. The coupling

strength is given by Ag = vB¢g, where ¢y = and

STy
I is the moment of inertia of the whole composite par-
ticle [14]. wg is in turn defined by the magnetic field
angle and magnitude applied at the location of the hy-
brid structure, i.e. by equation (2).We estimated that
with a nanodiamond and a ferromagnet both ellipsoidal
with long axes of 80 nm and short axes of 40 nm, a cou-
pling of Ay /2m ~ 100 kHz can be obtained at an external
field of 30 mT with an optimum angle of 55° [34] while
the oscillator reaches a frequency of wy ~ 27 x 3 MHz.

Obtaining librational frequencies larger than 1 kHz is
a relatively straightforward task with levitating hybrid
structures containing ferromagnets as opposed to pure-
diamonds, where the librational mode frequency depends
on dipole or quadrupolar distribution of charges on the
diamond surface and are sample dependent.

Experimentally, we present first steps towards coupling
the librational mode of hybrid levitating structures to the
electronic spin. In one experiment, we prepare particles
consisting of 100 nm fluorescent nano-diamonds (FNDs)
containing many NV centers attached to the micron-sized
iron particles. In another experiment, we evaporate a
thin nickel layer on top of diamond particles containing
NV centers. Although the confinement frequency of both
structures is not as high as with the ferromagnet rods
described in the first section, we show that they can lev-
itate stably with librational frequencies above the Paul
trap librational confinement.

1. Nanodiamonds attached to levitating magnets

We present here the first steps towards the scheme 2
where we use nanodiamonds attached to micromagnets.
The employed nanodiamonds are bought in the form of
a solution containing fluorescent nanodiamonds (brFND-
100) from FND biotech, and contain a large fraction of
NV centers (>1000 NV centers per particle are quoted by
the manufacturer). Fig.9-a) shows a confocal raster scan
where the fluorescence from NV centers in FNDs neb-
ulized on a quartz coverslip was recorded as a function
of the coverslip position in front of the microscope ob-
jective. The latter has a numerical aperture of NA=0.7
here. To attach these NDs to the ferromagnets, we use
the following procedure:

1- Several iron particles are cast on a clean quartz
coverslip.

2- A solution containing nanodiamonds (FNDs with
100 nm in diameter) with a large concentration of
NV centers in distilled water is prepared and put in
the reservoir of ultrasonic nebulizer. The solution is
nebulized on top of the quartz coverslip supporting
the iron particles. The concentration of FNDs in
the nebulizer has been chosen so that single nan-
odiamonds could be excited optically once in the
trap.

3- The prepared sample is then scrapped using a small
metallic wire and brought close to the trap for load-
ing.

A SEM image of the dried mixture zoomed on one
particle is shown in Fig.9-b). As shown in Fig.10,
we could observe Electron-Spin-Resonances (ESR), spin-
echoes and Rabi oscillations from the NV centers in the
nanodiamonds attached to the ferromagnets, similar to
what has been achieved recently with levitating micro-
diamonds [44].

Because of an intersystem crossing in the NV optically
excited state, the photoluminescence should drop when
the microwave drive the spin at about D = 2.87 GHz.
Fig.10-a) shows the PL rate from the NV centers as a
function of the microwave frequency in this levitating
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FIG. 9. b) Confocal map of fluorescent nano-diamonds (FND)
nebulized on a quartz coverslip. b) Scanning electron mi-
croscope image of a hybrid particle composed of Fluorescent
Nano-Diamonds (FND) attached to an iron ferromagnet.
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FIG. 10. a) ESR spectrum from NV centers in a nanodia-
mond attached to a levitating ferromagnet at zero magnetic
field. The spectra have been taken at three different vacuum
pressures : P=0.5, 0.07 and 0.01 mbar for traces i) ii) iii) re-
spectively. The experimental data have been offset for clarity.
b) Rabi oscillations for an NV spin transition of the hybrid
particle. ¢) Hahn-echo measurement (T2 ccho=825 ns).

structure. This ESR scan was performed under a pres-
sure of 0.5 mbar for trace i) and in the absence of mag-
netic field. The temperature of the assembly can thus
be kept rather low even at significant vacuum levels even
when laser light is shone to the particle. Trace ii) and
trace iil) indicate a drop of the ESR contrast and the
shift of the zero field splitting for pressures of P=0.07
and P=0.01 mbars respectively. The temperature of the
particle can be estimated using a similar procedure than
in [53] and we found a temperature of around 400 K for
trace ii). Compared to the experiment performed in [53],
at least an order of magnitude in pressure could thus be
gained, when using similar green laser powers (100 pW).
The reason is likely to be that iron reflects most of the
impinging light instead of absorbing it. It could also
be because the ND dissipates heat more efficiently than
micro-diamonds due to the larger surface to mass ratio
of the NDs compared to the micro-diamonds. Fig.10-b)
shows Rabi oscillations from NV centers in another FND
on top of a magnet. It was obtained using one of the
NV orientations in the presence of a magnetic field. The
measurements were done in the same way as in [44], and
here show a decay time of 1.2 us at a microwave power
of 10 dBm. Fig.10-c) shows a Hahn-echo measured on
the same spin transition, showing a decay time of 825 ns,
slightly shorter than what was observed in [44].

Let us point out that, although we can show spin-
control to a level comparable with our previous work
in these hybrid structures, we encounter several issues.
One point is that, if some ESR lines overlap (which is
a problem when one wishes to observe Rabi oscillations
and spin-echoes), tuning the external magnetic field ori-
entation with respect to the diamond axis is not enough
to lift this degeneracy. Indeed, the magnet main axis fol-
lows the B field angle, so the NDs that are attached to
it are also aligned in the very same way when the B field
direction is changed. Another more important problem
that was encountered is that the ESR contrast was often
reduced compared to the typical values (about 10% at
B ~ 0 T). Efficient spin control was thus not possible
for all levitating hybrid particles. The presence of charge
patches on the iron close to the nano-diamonds could be
responsible for this, but further investigations would be
needed to nail down this issue.

2. Ferromagnetic coating on a levitating diamond

We now turn to the second hybrid structure where a
ferromagnet is coated on a diamond. The magnetic coat-
ing is also employed here in order to reach larger libra-
tional confinement. Using this structure, we show spin
control and exploit the electronic spin sensitivity to mag-
netic fields to detect the librational motion.

We produce hybrid particles composed of micro dia-
monds (MSY 8-12um containing around 10® to 10* NV
centers, as in [44]) with a 200 nm thick magnetic nickel
coating on one side of the diamond. This was realized
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FIG. 11. a) Sketch of a diamond with nickel coating. b) ESR
spectrum zoomed to one of the four electronic |ms = 0) —
|ms = —1) transitions, obtained from the levitating hybrid
particle.

by sputtering nickel atoms from an oven onto a layer of
MSY cast on a quartz coverslip. A sketched of the result-
ing particles is shown in Fig.11-a). The loading of such
particles into the trap was done by carefully scratching
the coverslip with a 500 microns diameter tip and ap-
proaching the tip close to the trap in the absence of ex-
ternal magnetic fields. Doing so, we found similar injec-
tion rates than with microdiamonds without the coating
and could stably trap the hybrid particle center of mass.
Applying a uniform magnetic field of 0.14 T then yields
angular confinement of around 4.2 kHz for one of the li-
brational modes, ten times larger than typical librational
frequencies provided by the Paul trap [47]. This mode
could be parametrically excited and optically detected
using the method described in the first section wia the
Helmholtz coils.

To read out the angular motion of the particle using
the NV centers spins embedded in the diamond, we ex-
ploit the angular dependency of the NVs ESR transitions
frequency. When the orientation of particle changes with
respect to the external magnetic field, the frequency of
the ESR transition changes and as a result, by applying a
microwave field tuned to the side of one ESR transition,
the population in the excited spin state then also varies.

The spin state population was read out optically by
collecting the NV centers Photo-Luminescence (PL) un-
der green excitation. The diamond side of the particle
(without the nickel coating) must be facing the objec-
tive so that the laser can excite the NV center and so
that the photoluminescence can be extracted efficiently.
To do so, we maximize the particle photoluminescence
while the external magnetic field angle was tuned. Once
the diamond side is found, we run the same excita-
tion/detection sequence as for the detection of the mag-
net motion in the first section, but here monitoring the
PL signal and applying a microwave field detuned from
one ESR transition. The measurement is performed for
two different microwave detunings, one on each side of
the ESR transition where the slope of the ESR signal is
maximized. An ESR spectrum from the NV centers is
shown in Fig.11-b) zoomed to one of the four electronic
ms = 0) — |ms; = —1) transitions. The two arrows
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point to the two microwave frequencies that will be used
for the libration detection.
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FIG. 12. a) Photo-luminescence signal after parametric exci-
tation of the librational mode for positive (blue) and negative
(red) detunings. b) Librational mode read-out optically (i)
and from the spin resonance shift (ii) at frequencies showed
by the arrows in Fig. 11-(b). ¢) Temporal evolution of the PL
signal after switching ON (trace i) in red) and switching OFF
(trace ii), in green) a resonant microwave field. Black solid
line are exponential fits to the data. d) Squared difference
(SD) between the spin and optical read-out of the motion for
various temporal delays between them. Black solid line is a
parabolic fit to the data.

Fig.12-a) shows the PL signal as a function of time af-
ter parametric excitation of the librational mode. Trace
i) (in blue online) and trace ii) (in red), correspond to
the two signals obtained when the microwave is tuned
to the blue and to the red sides of the spin resonance
respectively. The amount of PL changes with the par-
ticle angular position. This is primarily due to the fact
that the green laser illumination conditions changes while
the particle oscillates, which then changes the NV laser
driving strength and in turn the PL rate. Oscillations
that are in phase with the particle motion are visible
for both microwave detunings are superimposed with the
amplitude modulation coming solely from the shifts in
the spin resonance. To extract this signal we plot the
difference between the two curves. This allows to remove
the spin-independent part of the signal which, again, is
the same for both detunings, while keeping the spin-
dependent part which has an opposite phase for both



detunings. The resulting PL signal is plotted in Fig.12-
b), trace ii). We also measured the variation of the laser
signal reflected off the particle as it oscillates, which is
shown in trace i), hereafter referred to as direct optical
measurements. We see that the PL signal reproduces
well the direct optical measurement, demonstrating spin
read-out of the particle angular motion. We note that, in
our experimental conditions, direct optical measurement
of the particle motion using the retro-reflected light is
much more sensitive than the spin read-out. This is seen
in the much better signal-to-noise ratio for direct optical
read-out despite a much shorter total acquisition time for
the optical (2 mins) than for the spin (50 mins) measure-
ments.

Interestingly, the spin signal is slightly delayed from
the optical one. This can be attributed to the finite
response time of the spin population dynamics giving
rise to the spin oscillation lagging slightly behind the
optical detection, which is in phase with the motion. To
be quantitative, we plot in Fig.12-c) the PL count rate
versus time after switching ON and OFF a resonant mi-
crowave field. This allows to measure the rate at which
the spins population are excited by the microwave field
and polarized by the green light. By fitting the curves
with an exponential decay, we found an excitation rate
of 28 us and a polarization rate of 34 us. Those figures
can be compared to the apparent delay between the spin
read-out and direct optical measurement of the particle
motion. In Fig.12-d), we plot the squared difference
between the two curves while adding a temporal delay
of variable length between them. We found that the
two curves coincide best for a delay of 32 ps which is in
perfect agreement with the measured rate of evolution
of the spins population. Note that this phase lag is at
the root of cooling in the adiabatic limit [22, 47], as in
cavity opto-mechanical schemes [35]. Optimizing it will

11
thus ensure efficient spin-cooling of this hybrid structure.

In conclusion, we proposed methods for quantum
mechanical experiments with massive oscillators by
coupling levitating magnets to NV centers. Towards this
aim, we levitate magnets in a Paul trap and demonstrate
large librational frequencies and Q-factors, which in
itself offers the possibility to connect orbital momentum
to the spin degree of freedom [61] and to implement
ultra-sensitive torque magnetometry [76]. Importantly,
it leverages the technical bound on the maximum
librational mode frequency that can be attained using
a Paul trap angular potential only. We demonstrate
that it exceeds the spin transition linewidth of NV
centers in CVD grown bulk diamonds, which means that
sideband cooling and efficient motional state preparation
are within reach. Last, we demonstrated coherent
spin control of NV centers together with read-out of
the mechanical motion using the spin of NV centers in
hybrid ferromagnet-diamond particles, offering prospects
for realizing single-ion-like protocols, such as entangling
distant spins using the motional mode of the magnet as
a bus [77].
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