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Magnetic-Torque Enhanced by Tunable Dipolar interactions
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We use tunable dipolar-interactions between the spins of nitrogen-vacancy (NV) centers in dia-
mond to rotate a diamond crystal. Specifically, we employ cross-relaxation between the electronic
spin of pairs of NV centers in a trapped diamond to enhance the anisotropic NV paramagnetism
and thus to increase the associated spin torque. Our observations open a path towards the use of
mechanical oscillators to detect paramagnetic defects that lack optical transitions, to investigation
of angular momentum conservation in spin relaxation processes and to novel means of cooling the

motion of mechanical oscillators.

Controlling the motion of macroscopic oscillators at
ultra low motional temperatures has been the subject
of intense research over the past decades. In this di-
rection, opto-mechanical systems, where the motion of
micro-objects is strongly coupled to laser light, have had
tremendous success [I]. Similar interaction schemes were
propounded in order to strongly couple long-lived atomic
spins, such as the electronic spin of nitrogen-vacancy
(NV) centers in diamond, to mechanical oscillators in
the quantum regime [2H4]. At the single spin level, this
achievement would offer the formidable prospect of trans-
ferring the inherent quantum nature of electronic spins
to the oscillators, with foreseeable far-reaching implica-
tions in quantum sensing and tests of quantum mechanics
517,

Most efforts using single NV centers are presently ham-
pered by their low coupling strengths to the motion,
which are currently far below typical spin decoherence
rates [SHII]. One solution to counteract this issue is to
work with large ensembles of spins [I0]. This approach
does not lend itself easily to observing non-linear spin-
mechanical effects, but may offer a more favorable path
towards ground state spin-cooling [3] and would enable
the observation of many-body effects mediated by the
motion [7, [12].

However, although the spin-mechanical coupling
strength is predicted to increase linearly with the number
of spins, this scaling-law is modified when the mean dis-
tance between the atomic defects is of the order of 10 nm
because of dipolar interactions. Dipolar interactions can
significantly enrich the physics at play and have for in-
stance been employed in the optical domain to increase
the coupling of electron dipoles to mechanical motion,
akin to super-radiant processes [I3HI6]. Closely packed
NV centers may also show similar cooperative effects.
Further, the coupling strength can be tuned resonantly
amongst different NV orientations [I7], offering prospects
for studying the interplay between dipolar interactions
and motional degrees of freedom in a controlled fashion.
Increasing the density of NV centers also means that they
can couple to other spins in the diamond [I8-21] and even
transfer their polarization [22]. Angular momentum ex-
change in such cross-relaxation processes could result in

FIG. 1. General principle of the resonant dipole-dipole en-
hanced mechanical rotation. The four possible directions of
the nitrogen-vacancy centers in the diamond are shown in the
left /right panels together with their spin-torque contributions
(arrows of the corresponding colors). Left panel: the (quasi)-
rotational invariance gives a small total spin torque 75. Right
panel: A magnetic field (not shown) is tuned so that the spin
class 1 and 3 point to the same direction. Cross-relaxation
(CR) between these two classes of NV centers occurs, alter-
ing the rotational symmetry and increasing 7.

a rotation of the crystal, as in the Einstein-de-Haas ef-
fect, and even enable controlling mechanical oscillators
in the quantum regime [23].

Here, we employ resonant dipolar interactions to ro-
tate a micro-mechanical oscillator. Specifically, we use
NV centers inside a diamond that is levitating in a Paul
trap that is similar to the one used in [26] and use res-
onant cross-relaxation (CR) between them to observe a
spin-torque coming from the NV paramagnetism. The
key mechanism is depicted in Fig. [Tl As depicted in the
left panel, NV centers are found in four different orien-
tations in the diamond crystalline structure. As will be
shown next, in the presence of an external transverse
magnetic field, NV centers acquire a magnetization. Due
to quasi-rotational invariance of the problem, although
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FIG. 2. Schematics of the experiment. A micro-diamond is
levitating in a ring Paul trap enclosed in a vacuum cham-
ber. A green laser is used both to polarize the NV centers
in the levitating diamond and to detect the angular motion.
Part of the speckle pattern formed in the image plane is sent
onto APD; after passing through a beam splitter (BS). The
photoluminescence from the NV centers is collected on APD,
after filtering out the green laser light by a dichroic mirror
(DM) and a notch filter (NF). a) Sketch showing the NV-NV
cross-relaxation process. Green arrows represent the optical
pumping to the brighter |ms = 0) state. The two curvy blue
arrows with different thicknesses represent short/long longi-
tudinal relaxation of NV3/NV;. Red circles represent the
population in each state and red dashed arrows represent the
resonant dipole-dipole interaction between the two NV cen-
ters. c¢) Measurements of the longitudinal relaxation from a
single NV class when, i) it is not resonant with any other
classes (11 = 1.61 ms), ii) when it is resonant with another
class (Th = 490 ps) and iii) when it is resonant with the three
other classes (T = 220 pus). The three traces have been offset
for clarity.

each NV class could exert a significant magnetic torque
to the diamond, the total spin-torque 75 is reduced, and
the resulting paramagnetic susceptibility is of the order
of the diamagnetism from the electrons of the carbon
atoms. However by tuning an external magnetic field,
resonant dipole-dipole interactions between the spin of
NV centers of different orientations is enhanced which,
in turn, increases the paramagnetism.

When the spin transition of NV centers become res-
onant, the polarization of the different orientations can
be exchanged through cross-relaxation [24]. The condi-
tions on the magnetic field for CR to occur are described
in Sec. I of the Supplementary Material (SM)[25]. The
right panel of Fig. |1} shows a CR mechanism that partly
removes the contribution from two classes of NV centers
(labelled 1 and 3 in Fig. [I)), which breaks the four-spin
rotational invariance. The total spin torque 75 can then
be large enough to rotate the diamond.
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FIG. 3. Numerical simulations of the spin-torques on a dia-
mond containing one NV center per orientation as a function
of § and ¢, the polar and azimuthal angle with respect to the
[100] direction. a) and b) show the torque with and without
cross-relaxation between NV centers respectively. Notice the
different torque scales.

It was shown in [30] that in highly doped diamond
samples, a few fast-decaying NV centers, so called fluc-
tuators can depolarize an ensemble of NV centers through
dipolar interaction. Fig. b) depicts the dipolar inter-
action between two NV centers. In this example, the
electronic spin of NV; is polarized in the ground state
via the green laser, whereas NV is a fluctuator, which
has a shorter relaxation time 7; than the polarisation
time. The spins will exchange magnetic quanta through
flip-flop processes resulting in a depolarization of NVj.
This was shown to reduce the average T; of the ensemble
from the phonon-limited 77 (= ms) to a few hundreds of
micro-seconds [31] and to lower the total photolumines-
cence [17, [18] B0, B2H36] in bulk materials. The origin
of the fast-decaying NV centers was attributed to the
presence of charge tunneling amongst closely packed NV
centers [30]. The NV centers that undergo tunneling with
other impurities (possibly with the substitutional nitro-
gen defect [37]) have a largely reduced longitudinal spin
lifetime T7.

Such a process has not been studied in detail with
nano- or micro-particles to the best of our knowledge.
Smaller diamond particles in fact tend to suffer from ex-
tra parasitic surface effects such as spin depolarization
due to interaction with paramagnetic dangling bonds on
the surface [38], or enhanced charge transfer between the
NV? and NV~ charge states [39] so it is essential to ver-
ify that it can be observed with micro-particles. We start
by searching for CR using micro-diamonds that are phys-
ically attached to the trap, by employing a fixed bias
magnetic field ||Bpias|| 2100 G and by tuning another
magnetic field By, at some angle with respect to Bpjas
using an electromagnet (see Fig. [2a)). The change in
orientation of the total magnetic field can be visualized
in Sec. T of the SM [25].

The photoluminescence from the NV centers is de-
tected using standard confocal microscopy. At specific
magnetic field directions with respect to the crystalline
axes, degeneracy between the spin of NV centers can be
reached [I7]. We measured the 77 time in these con-
ditions by applying a green laser that polarizes the NV

(wN) @nbuo} uidg



centers and measure the photoluminescence at a later
time. Such a measurement can be significantly impacted
by recharging of NV centers in the dark [30, [36], 40, [4T].
In order to accurately measure the 77 and remove the
changing PL due to the recharging effects, we use the se-
quence presented in Sec. IIT of the SM [25], where a mi-
crowave pulse is applied or not prior to spin relaxation.
The PL signals acquired in the two different measure-
ments are then subtracted and shown for different de-
generacy configurations in Figure c). In the absence of
degeneracy, we observe a stretched-exponentially decay-
ing profile [30], from which we extract a T; = 1.61 ms,
already shorter than the phonon limited lifetime in di-
lute bulk materials [38]. This lifetime is even further re-
duced when more orientations are brought to resonance.
This hints towards the role played by dipolar interactions,
which are enhanced when more classes of NV centers are
resonant [17, [30].

The main goal the present study is to demonstrate me-
chanical action of such dipolar induced relaxations when
diamonds are levitating in the Paul trap. One major ex-
tra ingredient for this is the induced magnetization of the
NV centers when they are polarized in the ground state,
which has thus far not been directly observed. Let us
consider first the dependence of the ground state energy
of a single spin as a function of the angle between a mag-
netic field and the NV axis. The Hamiltonian for one
NV orientation with quantization axis 2’ in the particle
frame reads

Hxy = hDS% + 1B - S, (1)

where S is the spin-vector, D = (27)2.87 GHz the zero-
field splitting and B is the external magnetic field. Under
the condition v||B|| < D, assuming an NV center in the
(z,z) plane and a B field along z, Hg = n.B-S =
FweB(S'x/ sinf + S, cos ) can be treated as a perturba-
tion to the anisotropic part hDS'E/ of the Hamiltonian.
Here, 6 is the angle between the magnetic field and the
body-fixed NV center axis. The energy ¢, of the ground
state perturbed by the B field is then
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where B, = Bsinf. A direct use of the Hellmann-
Feynman theorem can give the torque in the ground
state. We find that

2
—% = h(%DB) sin 26. (3)
A proof of the applicability of this theorem in the pres-
ence of dissipation is presented in Sec. IV of the SM [25].
At an angle § = /4, where the torque is maximized and
at a B field of 100 G, we obtain 7, ~ 2 x 1072"N.m.
Taking into account the whole NV level structure, we
then find 7, ~ 1078 N.m, using 10° spins polarized in
the ground state. Taking a librational confinement fre-
quency of the diamond in the Paul trap to be around

Ts =

wp/(2m) ~ 1 kHz, we obtain an spin-torque induced an-
gular displacement of 7/I,w? ~1 mrad, which can be
measured with a high signal-to-noise ratio in our set-up
[10]. Here I, ~ 10722 kg.m? is the moment of inertia of
the particle around the y axis.

As already hinted to however, the contributions from
the other NV classes must also be taken into account (see
Fig. 1). Fig. |3| presents the result of numerical calcula-
tions of the torque coming from the four classes of NV
centers, assuming only one NV per orientation here. Fig.
a) shows the torque magnitude as a function of § and ¢
without taking into account CR. The torque from each of
the four classes appear clearly from the symmetry. Their
different contributions however sum up to give a max-
imum torque of around 1072® N.m, which is 20 times
smaller than the torque that can be obtained for a sin-
gle class. The quasi-rotational invariance of the problem
thus hinders the diamond paramagnetism. When two
classes of NV center are resonant however, the induced
cross-relaxation partly breaks this rotational invariance.
Fig. b) shows the same plot, but including CR. De-
tails on the model can be found in sec.VI of the SM [25].
Here we use numbers that are deduced from the exper-
imental observations of the CR-induced change of the
Ty in Fig. 2 b). One can see that a new pattern with
larger spin-torque is superimposed to the previous map.
These larger values coincide with crossings of the crystal
planes where NV degeneracies occur. At these coordi-
nates, one recovers the torque estimation of Eq. 3] found
for a single class, which would then imply a spin-torque
that overcomes the Paul trap confinement.

To observe the effect of such resonant dipolar inter-
actions on the motion, we use similar parameters and
magnetic field arrangement than when the diamonds
were not levitating. The diamond crystalline direction
with respect to the magnetic field direction is char-
acterized by recording Mechanically-Detected-Magnetic-
Resonances (MDMR) [10] similar to in Magnetic Reso-
nance Force Microscopy (MRFM) [42]. The angle motion
is detected by collecting the back-reflected green light
from the diamond interface (see Fig. 2-a), separated
from the excitation light using a beam splitter as a mi-
crowave drives the spin to the mgs = —1 state. Fig. a)
shows MDMR detection of spin-resonances for three dif-
ferent Bey, amplitudes. At 10 and 25 G, one can observe
4 peaks in the spectrum that demonstrate microwave-
induced torque on the diamond from the 4 classes of NV
centers. At 17 G however, two classes merge at a mi-
crowave frequency of 2.75 GHz. This is where we expect
to observe CR.

A detailed analysis developed in Sec.I of the SM [25]
suggests that since we observe a single degeneracy at
17 G, the magnetic field crosses a plane that is perpen-
dicular to the [110] direction, as shown in Fig. [i}a). Fig.
b) shows the photoluminescence as a function of Bep,
both experimentally (trace i) and numerically (trace ii).
As expected, the PL decreases across the degeneracies at
around the same magnetic field value. Fig. c), trace
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FIG. 4. a) Top : Signal reflected off the diamond surface as a function of microwave frequency for three different magnetic
field values. Bottom : sketch showing the crossing of a crystal plane when the magnetic field angle is tuned. b) PL detection
as a function of Bem across a dipole-dipole resonance. i) experimental data with gaussian fit, ii) simulation of the population
in |ms = 0) state, taking into account (plain lines) or not (dashed lines) cross-relaxation. c¢) Angular detection as a function of
Bem across a resonance. i) experimental data with gaussian fit, ii) simulation of the magnetic torque applied to the diamond.

i) is a measurement of the diamond angular position ac-
quired simultaneously to the PL. Trace ii) is the cor-
responding calculation. A pronounced variation of the
reflected signal is also observed, demonstrating the close
correspondence between degeneracy and diamond rota-
tion, and the enhanced spin-torque as the dipolar inter-
actions between the spins increase. Note that, as opposed
to the PL detection which always shows dips in spectra,
the laser signal coming from the particle surface can in-
crease or decrease on resonance, depending on how the
speckle is aligned to the fiber. This explains the differing
shapes of the signals in the experiments and the simula-
tions. Fitting trace c-i) by a Gaussian curve, we deduce a
width that is similar to the PL width of trace b-i) (2.1 G
and 2.8 G respectively). This gives a width of 9 (resp.
12) MHz comparable to the inhomogeneous broadening
of the sample. Similar experiments were realized on dif-
ferent particles under different degeneracies. In Sec. V
of the SM, we present results taken under a two-fold de-
generacy.

Let us conclude by mentioning the applications offered
by dipole-dipole induced mechanical rotation. First,
when performed under vacuum [43], this effect can be
employed to control the temperature and stiffness of me-
chanical oscillators in the absence of microwave. For cool-
ing, a delay between the spin and Paul trap torques [T}, [10]
will be introduced by tuning the polarizing laser power
to reach a depolarizing rate (=~ 10 kHz) of the order of
the trapping frequency. At a magnetic field value corre-
sponding to a negative detuning from the CR feature, the
NV fluctuator will depolarize a pair of spins and let the
two other NV classes apply a torque until the preivous
pair re-polarizes, extracting energy from the angular mo-
tion during each cooling cycle [44].

Conversely, the CR-induced torque can be viewed as

a novel spectroscopic technic for sensing dipolar inter-
actions between NV centers and spins that cannot be
polarized optically. Using a magnetic field oriented close
to the diamond [111] direction would for instance en-
able detection of dark paramagnetic species that do not
have a zero-field splitting [22]. The method may open
a path towards the, otherwise difficult, experimental in-
vestigations of angular momentum conservation during
relaxation processes in crystals, as proposed in [23].

Last, and more prospectively, one could consider the
presented technique to lay the grounds for bottom-up
investigations of magnetism. The detailed microscopic
origin of magnetism depends strongly on the material
and spins have relaxation times that are typically very
short (typically picoseconds), making microscopic inves-
tigations a complicated task. In our employed param-
agnetic sample, both the interaction between spins and
their relaxation strength can be tuned on us timescales.
In addition, the present sensitivity n = /4kT+I, =~
1020 N.m./\/I-E of the torque sensor can be largely im-
proved by going under high vacuum and using smaller
particle sizes. Here v & (27)1 kHz is the damping rate of
the angular motion due to collisions with gas molecules.
Under 1072 mbar and using 1 pm diameter particles
would already give n ~ 10724 N.m./ vHz, approaching
state of the art sensitivities [45] [40] and thus opening a
path towards using NV centers in levitating diamonds for
emulating magnetism at the hundreds of Bohr magneton
level [47].
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SUPPLEMENTARY MATERIAL

I. NV~ CENTER THEORY
A. NV spin hamiltonian

The hamiltonian of the electronic spin of the negatively charged nitrogen-vacancy center in its ground state can be
written as :

H, = hDS? + hv.B -8,

where D = (27)2.87 GHz is the crystal field splitting originating from spin-spin interactions, and ., = 28GHz/T is
the electron gyromagnetic ratio. The z’ axis in the S operator here is the axis formed by the nitrogen atom and the
vacancy in the body fixed frame. We neglect contributions from the strain and local electric field in the hamiltonian
since we are working with magnetic fields on the order of 10 mT, which induce splittings larger than the splitting of
the zero-field ESR line (=~ 20 MHz). We also neglect the hyperfine interaction with the nuclear spin of the *N atom
since we are working with ensembles with typical inhomogeneous broadening of 5 MHz.

B. Diamond crystalline axes and degeneracy conditions
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FIG. 5. a) Representation of the four crystalline axes of the diamond b) Representation of the magnetic field in the diamond
crystalline basis ¢) Representation of the crystalline planes in the (6, ¢) basis. The {110} family of planes are shown using
dashed lines and the {110} family using plain lines. The [100] direction is marked by red circles, the [111] direction by green
squares. The magnetic field path in the experiment of Fig. 3 of the main text is shown with blue dots.

There are four possible crystalline axes for the N-V direction (so-called “classes” of NV) in the diamond. They are
depicted in Fig. [5|b) and correspond to the crystalline directions [111], [111], [111] and [111].

The magnetic field direction is represented in Fig. [5[a), where the polar and azimuthal angles 6 and ¢ are defined
with respect to the z’ ([001]) direction (we denote with * the axes in the diamond frame). For some orientations of the
magnetic field, the projection of the magnetic field on two or more NV axes will be identical, and therefore the energy
level of the corresponding classes will be the same. These degeneracies are represented in Fig [5]c), where the dashed
lines are the locii of the {110} family of planes (plane normal to the [110] direction and all other equivalent directions,
making 6 planes in total). When the magnetic field belongs to these planes, we observe a degeneracy between two
classes of NVs, as can be seen in the Fig[7] or in Fig. 4 of the main paper.

The plain lines are the locii of the {100} family of planes (3 planes in total). When the magnetic field lies in
these planes, all classes are co-resonant, as can be seen in Fig or in Fig The red circles correspond to the [100]
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FIG. 6. Lifetime measurement when all four NV classes are degenerate. Plain orange line correspond to a stretch-exponential
fit and dashed red line to a simple exponential fit

directions, for which the four classes of NV are degenerate. The green squares correspond to the [111] direction where
one class is aligned with the magnetic field, and the three others are degenerate. Finally the blue dots correspond to
the path followed by the magnetic field in the experiment presented in Fig 3 of the main text, where we can see that
a plane from the {110} family is being crossed.

II. DEPOLARIZATION INDUCED BY NV-NV CROSS-RELAXATION

Our diamonds are supplied by the company Adamas, which produces diamonds with a concentration of NV centers
in the 3-4 ppm range. As explained in the main text, when the density of NV~ centers in the sample is large
enough (typically for concentrations higher than 1 ppm), the ensemble of NV spins will lose some of its polarization
through dipolar coupling between the NV centers. This phenomenon is at the heart of the mechanism that allows
us to exalt the magnetic susceptibility of our diamond through dipolar interaction, and it has already been observed
independently by many groups in bulk diamond [I] [2] [3] [4] [5].

In particular, [3] proposes a model based on ”fluctuators” : a subgroup of NV centers with a very short lifetime
(possibly due to their electron tunneling in and out of the NV site) can act as a source of classical noise with a central
frequency given by the transition frequencies of the NV~ spin Hamiltonian. One prediction of this model is that the

modified lifetime of the ensemble of NV centers should have a stretch exponential profile (of the form e_\/le). We
do observe this scaling law experimentally.

A. Stretch exponential profile of the lifetimes

In the theory developed in [3], the stretch exponential profile arises from the inhomogeneity of the distance from
each NV centers to the closest fluctuators. We write p§,(t), the population in the |ms; = 0) state for each NV
centers evolving in the dark. This population follows a law of the form p§,(t) o exp(—+t) where 7 is the individual
depolarization rate of the spin; then, assuming an homogeneous spatial distribution of fluctuators, the authors of [3]
show that the distribution in 7 should follow a law of the form

P
e Ty

p(v) = T

where p(7) is the density of probability of .
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FIG. 7. Experimental results showing the PL versus magnetic field scans realized with an electromagnet. A static magnetic
field offset is applied using a permanent magnet (setup similar to the one presented in Fig a) Frequency transitions on the
|ms =0) — |ms = —1) electronic states of the four classes of NV centers as a function of the scanning magnetic field (data
extrapolated from ODMR spectra) b) Change in photoluminescence of the NV~ centers as a function of the scanning magnetic
field. ¢) Example of 3 ODMR spectra for the 3 particular field values corresponding to the circled areas in subfigure a).

Averaging then over all NV centers gives the stretch exponential profile observed from the ensemble :

+oo 7
Poo(t) 0</ p(y)e Mdy =e VA
0

where p§,(t) correspond to the average population in the |ms = 0) state for the ensemble of spins.

Fig. [6] shows a lifetime measurement on a static microdiamond following the protocol described in Sec.III. Here
all four classes are resonant with the applied microwave frequency, which corresponds to the maximum degree of
degeneracy between the NV centers, and therefore the stronger modification of the lifetime induced by the resonant
dipolar coupling. The signal we obtain was fitted using a stretch exponential profile and a simple exponential profile.
We can see that the stretch exponential profile (R? = 0.981) is in better agreement with the data than the exponential
fit (R? = 0.942). This is true in particular for the very short times (we expect the longer times to be dominated by
the phonon-limited exponential lifetime).

Finally it should be noted that the stretch exponential profile arising from point-like depolarization sources is a
relatively general result that has for example also been observed for the depolarization of NV centers induced by
substitutional nitrogen (P1) defects in diamond [6]

B. Scanning the degeneracy conditions

The easiest way to probe the mechanism of dipolar-induced modification of the lifetime is to change the degeneracy
conditions between the four classes of NV centers by tuning the magnetic field, as explained in Sec.l. Because the
NV spins can only exchange spin quanta when they are quasi-resonant, tuning the number of classes at degeneracy
modifies the effective density of interacting NV centers, and therefore the depolarization effect.

An example of this is given in Fig.2 of the main text with the varying lifetime depending on the degeneracy
condition, but another way to probe this effect is shown in Fig. [7] : in this figure, we have observed the change
in photoluminescence from a static microdiamond while changing the magnetic field in order to explore different
degeneracy conditions. In order to do this, we need two sources of magnetic field : an electromagnet to scan the



field and a permanent magnet to apply a magnetic field offset in an other direction (otherwise the magnetic field
orientation with respect to the diamond axes would remain the same as the field is scanned).

In this particular case, we can see that as the magnetic field is scanned, it crosses three “degeneracy planes” (as
described in Sec.I) : first a plane of the the {110} family at B=13 G, with a single degeneracy condition, then a plane
of the {100} family at B=44 G where there is a simultaneous degeneracy condition for two pairs of classes, and then
another plane of the the {110} family at B=76 G. We notice that each time a degeneracy between at least two classes
of NV takes place, a sharp decrease in photoluminescence is observed (see Fig@b)). This is a signature of the change
in the lifetime of the ensemble of spins : indeed, the photoluminescence of NV ensembles is proportional to the average
population in the |m, = 0) state, and the |ms = 0) population of the spins is the result of the competition between
the polarization rate due to the green laser and the various depolarization mechanism. Increasing the depolarization
rate of the spins will therefore decrease the overall luminosity.

IIT. EXPERIMENTAL DETAILS

A. Experimental setup
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FIG. 8. Tllustration of the experimental setup.

The experimental setup illustrated in Fig is similar to the one used in [7] with the addition of a permanent
magnet and an electromagnetic (EM) coil in order to perform magnetic field scans. The diamond sample is typically
illuminated with ImW of 532 nm laser light, focused by an objective with a numerical aperture of 0.5. An acousto-optic
modulator (AOM) is used to switch on and off the 532nm laser and to finely tuned its power. The photo-luminescence
(PL) is collected by the objective, separated form the excitation light using a dichroic mirror (DM) and a 532nm notch
filter (NF), and detected using a multimode-fiber single-photon avalanche photo-detector (APD) (SPCM-AQRH-15
from Perkin Elmer). Typically, from the heavily doped samples that we use, we can detect PL photons at a rate of 1
MHz after attenuating the signal by a factor 100 with neutral density filters. The Paul trap is a pseudo-ring with a
diameter of approximately 200 um, as can be seen in [8]. It acts both as trap through the high voltage (HV) and as
a microwave (MW) antenna.

The magnetic field generated by the (homemade) EM coil is controlled by a programmable power supply (Rohde
& Schwarz NGE 103) performing current ramps. While the levitating setup is located in a vacuum chamber, all the
experiments presented in this article are performed at atmospheric pressure.
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FIG. 9. T1 measurement protocol. Green bars represent laser excitation, red bar represent resonant microwave m pulse.

B. 717 measurement

As shown in the Fig. 2-c) of the main text, the spin lifetime of the NV centers is modified in the presence of
cross-relaxation with other classes of NV centers. Here we present the protocol for removing the effects of charge state
transfer in the dark, which mask the PL signal decay induced solely by spin depolarization. The protocol described
in Fig. El consists in using two sequences. In the first sequence the spins are initially polarized in the |m, = 0) state
through a 1 ms green laser excitation pulse and then left to evolve in the dark for a variable dark time 7. The spin
state is finally read out using a 10 us laser pulse (shorter than the polarization time of the spins).

The second sequence uses the same parameters (polarization time, dark time and readout time) than the first
sequence, but uses an extra resonant microwave m pulse tuned to a transition of one of the four classes of NV~ right
before the readout pulse. The latter sequence brings population from the |ms = 0) state to the |ms = £1) state for
one class of NV centers.

By measuring the difference between the two signals obtained in these two measurements, we can extract the
evolution of the spin state population from a single NV class and, at the same time, remove unwanted contributions
to the photoluminescence, such as charge state transfer in the dark (which give the same background contribution
to the measurements). In order to avoid low frequency noises such as laser drifts from the focal point or intensity
fluctuations, we alternate both sequences while performing the measurement.

C. Magnetic field calibration

A neodymium permanent magnet and an electro-magnet are placed a few centimeters away from the diamond
sample in order to apply a uniform and controllable magnetic field to the NV centers.

To calibrate the magnetic field magnitude B, and its orientation 6 with respect to the NV axis, we record Optically
Detected Magnetic Resonance (ODMR) spectra and record the frequency of two transitions [0) — |—1) and |0) — |+1)
from the same class to determine both the angle of the B field with respect to this class and the magnetic field
amplitude.

D. Spin-mechanical detection

High sensitivity of the spin-torque is achieved by using a speckle pattern produced by the rough surface of the
micro-diamond under coherent illumination. When the particle is stably levitating, at the particle image plane, we
then focus a small area of the speckle image onto an optical fibre and detect the photons transmitted through the
fibre with the APD;. The detected signal is then highly sensitive to the particle position and orientation.

For the spin-torque measurements presented in Fig. 4-a), the microwave detuning is scanned in 2 MHz steps with
a duration of 10 ms per points. During those 10ms, the diamond orientation has enough time to reach its equilibrium
position and the spin torque effect can be observed. The average count-rate is about 1 Mega-counts/s.

E. Angular signal drift for levitating particles

Measurements on levitating diamonds have to be relatively short (few minutes at most) because of a slow drift on
the particle orientation which changes the detection location on the specular reflection off the diamond surface. The
most likely origin of this drift is the loss of charges of the diamond due to photoionization by the laser, which changes
the trapping conditions over time.
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IV. PRINCIPLE OF THE MECHANICAL DETECTION
A. Origin of the magnetic torque

The magnetic torque responsible for the motion of the diamond fundamentally comes from the anisotropy of the
NV centers and from the transverse field B, responsible for mixing the eigenstates in the stationary state. We will
start by considering the torque from a single NV center. Without lack of generality, we will assume that the B field
points in the z direction and take the motion to be in the 2 — z plane (in the lab frame), see Fig.

FIG. 10. Notations used to define the axes in the body fixed and laboratory frames of reference R’ and R respectively.

In the body fixed frame, the magnetic part of the hamiltonian reads Hp = hye.B (S'x/ sinf 4 S/ cos 0) where 6 is
the angle between the B field and NV center quantization axis z’. We thus obtain the spin torque operator

oH . .
Te = ~39 = hye B(— cos 08, +sin0S.). (4)
The mean value of the torque operator in terms of the reduced density matrix elements p;; in the basis of the S,
eigenstates | — 1),/,0),/, 1), is

. o . B
(7s) = Trg(pts) = hyeB(p11 — p—1-1)sinf — 57\/5 S cosf, (5)

where we introduced S = po1 + p1,0 + po,—1 + p—1,0. The bath B over which the trace is performed consists of laser
photons used to polarized the NV at a rate 71,5, phonons or spin-fluctuators acting on the spin populations at a rate
I’y = 1/T) and Py centers or nuclear spins dephasing the electronic spin at a rate 1/75. In the limit 7.B < D, and
as > I'1 the laser efficiently polarizes the electronic spins in the ground state so that pgg > p11,p—1-1. The pure
dephasing T & 100ns is much shorter than the sum of the population relaxation time 77/2 < lms and the laser
induced repolarization time 1/71,s < 100 ps. The equations of motion for the coherences thus read

d 1 VB . B)?

ggl _2T2*p°1Z%Slnaz’)°1D+O((7D) ) ©
dpo_ 1 VB . . .B)?

paot "= Tary ! ZAyﬂsmywo‘lD“D((vD) ) @

The characteristic motional dynamics is very slow compared to the zero-field and magnetic field rates D and vB. The
latter are also much larger then the decoherence rate 1/T5 in our experiments, so we can adiabatically eliminate the
coherences and find

Y. Bsin 6 q Y. Bsin (8)
= ~ —— an Il =poR
pPo1 = P10 V2D Po—1 = P-10 V2D
since

VB
5. (9)

p11 —p-1-1 = O((
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Re-injecting these expressions in the expression for the mean torque, we get

() = 0B g 1 o(CB)) (10)

It is in fact the gradient of the energy 9/00 in the ground state at the angle 6.

Indeed, supposing that B < D, so that Hp can be treated as a perturbation to the spin-spin hamiltonian DSE,,
the perturbed energy ¢y of |0) is

| (0| Hp |£1) |2 (7B)?
€g = Z — =—h 5 sin? . (11)
ms==%1 +1

Taking —0e,/08 then gives Eq. It is the equation that is used in the core of the manuscript. In the
approximate regime of the present study, the Hellmann-Feynman theorem (exact for pure states) that relates the an-
gular derivative of the mean energy to the torque is correct in the above-described limits where dissipation is negligible.
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FIG. 11. a) Sketch showing an NV center aligned to the z’ direction in the presence of an external magnetic field B at an angle
0 with respect the NV axis. The resulting spin vector (S) of the NV center is shown by the blue arrow. b) Longitudinal (S | in
dashed line) and transverse (S| in plain line) components of the average value of the spin operator, in % unit, as a function of
0 and for a magnetic field amplitude |B| = 100 G. ¢) Amplitude of the magnetic torque acting on a single spin as a function
of § for |B| = 100 G. d) Amplitude of the same magnetic torque in the crystalline basis with 6 and ¢ being the polar and
azimuthal angle with respect to the [100] direction.

Another way to estimate the torque is to numerically solve the master equation of the system as depicted in Fig
We find that under green excitation and in the presence of an external magnetic field, the spins will acquire a
magnetization 7. (S) which, under the low magnetic fields (< 200 G) we are working at, will be oriented at an angle
of 90° from the NV axis : (S./) ~ 0 and (S,) # 0. This magnetization vanishes when the magnetic field is aligned
with the NV center since there is no longer a transverse field responsible for the mixing of the eigenstates.

The magnetization of the NV center is therefore not aligned with the magnetic field, except when the field is also at

a 90° angle from the NV axis, which means that the magnetic torque T' = 7, (S) x B will be non-zero everywhere except
when the field is aligned with the center, or in the plane normal to the direction of the center. We can describe each

xt 0 0
NV center as a paramagnetic defect with the anisotropic magnetic susceptibility xy = [ 0 x1 0] in the (x',y’,2)
0 0 0

basis where z’ is the orientation of the NV center.

The amplitude of the torque with respect to the magnetic field orientation at a B field amplitude of 100 G is
represented in 1D in Fig [[T}c) where we can see a behavior very close to |sin(26)|, as found in Eq[I0] through a
perturbative approach. The same torque amplitude is represented in 2D in Fig d). The two purple dots in the
map correspond to the [111] direction when the magnetic field is aligned with the centers. The curvy line corresponds
to the (111) plane. Importantly, the maximum torque value is 1- 10726 N.m for a single spin.
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B. Total spin torque and influence of cross-relaxation

Fig 3 a) in the main text, represents the same map as Fig[l1}c) but including the four NV centers, one in each of
the possible [111] orientations. We can see that the maximum torque actually decreased to 3-1072® N.m even though
we increased the number of NV centers by four. This is due to the directional averaging of the torque generated
by the four centers. The torque per NV center is decreased by more than two orders of magnitude when taking the
directional averaging into consideration. Fig 3 b) in the main text shows the same map, this time taking into account
the modification of the spin lifetime due to cross-relaxations. The detailed model is presented in the section [VI] There
are two things to note here :

1. The maximum torque has increased by an order of magnitude compared to the previous case. It reached up to
3-1072" N.m for four spins, so about 10727 N.m per spin. Qualitatively, this is because cross-relaxation will
lower the torque contribution of specific classes (the ones that get depolarized), meaning that the end result is
closer to the single spin case (there is less directional averaging).

2. The change in magnetic torque is resonant, and occurs only when different classes are brought to resonance.
This can be seen by comparing Fig 3 b) of the main text to the {110} planes that were drawn in Fig. The
change in the signal when scanning a magnetic field across a CR will be much sharper than the sinusoidal change
in the spin-torque.

C. Torque sensing with a levitating diamond

The way we experimentally measure spin-torques applied on the levitating diamond is by measuring the induced
diamond orientational displacement from equilibrium. We model the trap as a pure harmonic potential, both for the
center of mass and for the librational degrees of freedom of the diamond with trapping frequencies w; ~ (2) - 1 kHz.
Considering a single librational degree of freedom, we can write the torque exerted by the trap as I'y = —K (0 — b,),
where K = Iw? is the stiffness of the trap, I being the moment of inertia of the diamond.

The application of an external torque I'eyx; to the diamond will therefore shift the angular equilibrium position in
such a way that :

—K(0 —Ooq) + Text = —K(0 — 9gq) (12)
so that
cht cht
— 0 — = =
50 = 0, — beq 17 (13)

In our case, Iexy is the magnetic torque exerted by the NV~ spins on the diamond. We can write it Texy =

Nnv{(Tispin) where (I'igpin) = 7e(S) x B = 10727 Nm is the expected magnetic torque applied by one spin.
By using the inertia moment formula of a sphere : I = %mﬂ, we can then rewrite the angular displacement as

(T1spin)n(NV )

2 2
wp

00 = ~ 1073 rad

2
gmcr

where n(NV~) ~ 5-107% (5 ppm) is the number of NV centers per atoms in the crystal, mc ~ 2 - 10726 kg is the
average weight of a carbon atom (we assume that the bulk of the diamond weight comes from carbon atoms), r = 7.5
pm is the typical radius of our diamonds and wr = 6.3 - 103 rad/s is the typical value of the trap angular frequency.

It should be noted that the main uncertainty comes here from the diamond size, which can change the expected
result by an order of magnitude.

V. CROSS-RELAXATION DETECTION FOR ANOTHER TYPE OF DEGENERACY

Similarly to in Fig. 3 of the main text, we managed to mechanically detect other types of mechanically induced
dipolar couplings. Fig. [[2p) shows a calculation of the frequencies of the [0) — |—1) transitions for all four classes of
NV centers and the mechanically detected ESR spectra measured using the reflected laser for various magnetic field
values. Unlike the experiment reported in the main text, this time all four classes of NV are resonant with another
class at B=23 G. This indicates that we are crossing a {100} plane instead of a {110} plane, as can be seen in Fig

112h).
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FIG. 12. Mechanical detection of a dipolar interaction when crossing a {100} plane. a) Path of the magnetic field angle (red
dots) in the (6, ¢) basis in the measurements, with respect to the [100] direction. The {100} family of planes are shown in
plain blue lines. The {110} family of planes is shown in orange dashed lines. b) ESR spectra measured at 4 different magnetic
field values. Calculated evolution of the NV transition frequencies as a function of the electromagnet B field Bgwm, for the four
|0) — |—1) transitions (dashed lines). ¢) Photoluminescence of the NV centers as a function of the scanning magnetic field (blue
crosses) and gaussian fit (orange line). d) Simulated population in |ms = 0) for the stationary state with (plain) or without
(dashed) taking into account the decrease of the T; induced by the cross-relaxations. e) Signal reflected off the diamond surface
as a function of magnetic field amplitude Brw (blue crosses). The orange line shows a double gaussian fit. f) Simulated torque
applied by the spins on the diamond, with (plain) or without(dashed) taking into account the cross-relaxations.

Fig. ) shows the recorded photoluminescence of the NV centers during the magnetic field scan. As expected, a
drop in the photoluminescence rate is observed when the degeneracy occurs. The PL drop is slightly more pronounced
in this case compared to the experiments presented in the main text because all classes are depolarized here, instead
of only two. This is well predicted by the numerical estimates shown in Fig. )

Fig. ) shows the signal of the laser reflected off the diamond surface, proportional to the angular displacement.
Here, there is a clear difference between the angular response and the experiment shown in the main text. Instead of
a single Gaussian drop centered on the CR resonance, two bumps are observed on both sides of the resonance. Fig.
) shows the result of simulations, where we can see a dispersive profile with an almost zero torque at the resonance.
The reason we do not observe a change of sign in the experiment (with two positive bumps instead of a positive and
negative one) is likely to be because of the non-linearity of our detection : if the signal initially corresponds to a dark
spot of the speckle, then a change in the motion of the diamond can only result in an increased signal.

Let us give a physical interpretation of the dispersive angular profile for this degeneracy condition. Here, the
magnetic torque generated by the four classes of NV is not modified exactly on resonance, since all four classes are
depolarized identically. Close to resonance, all classes will not be identically depolarized however : looking at Fig.
112b), we can see that the two classes which have a higher frequency are always slightly closer to each other than
the two classes of lower frequency. This can be since by computing the slope in the evolution of the transitions
frequencies, which are found to be smaller for the two upper classes. This effect results in more depolarization for
these two classes, except when they are exactly on resonance. This interpretation explains the overall shape of the
torque and thus of the angular response. A quantitative analysis would require knowledge about the directions of the
4-NV directions with respect to the three main directions of the trapped diamond axes as well as a calibration of the
sensitivity of the speckle detection method for the three corresponding angular modes.
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VI. SIMULATION DETAILS

In this part we will discuss the method used to simulate the average torque as well as the population in the |ms = 0)
state. Numerical solving of the master equation was performed using the Quantum Toolbox in Python (QuTiP) [9]
[10].

In order to describe the dynamics of our spin ensemble, we introduce a incoherent optical pumping through the
jump operators £ =T]0) (+1]| and £_ =T |0) (1|, where I'; = (27)10 kHz is the laser induced polarizing rate to
the ground state. We also introduce the T} jump operators L] = %1 i) (4] where |7, 7)=|0, £1).

In order to describe the 17 modification induced by the cross-relaxations, we use a phenomenological model where
each class has its own T% (i € {1,2,3,4}) that depends on the energy levels of the other classes with the formula :

1 1 1 _imvy?
— = — 4+ ——e 2(c99)2 R
Tt LT

where v; and v; are the transition frequencies of the classes ¢ and j (we are arbitrarily considering the |0) — |—1)
transition here, since the resonance condition is the same for both transitions at the magnetic fields we are working
at. This is not always true for magnetic fields greater than 592 G[IT]). % is the width of the CR features. We
measured them to be similar to the inhomogeneous broadening given by the dipolar coupling to P, centers, i.e. =~ 6
MHz.

TP = 1.03 ms and T{ = 0.38 ms were chosen to match the 7} measurements presented in Fig. 1 of the main text.
We only focus on the T} without degeneracy and the one with a single degeneracy since our experiments will not have
more than two resonant classes at once. Our model is probably not suited to deal with triple or quadruple resonances.

Finally, according to previous measurements performed in [3], only the |0) (£1] and |£1) (0| (corresponding to a
single quantum exchange in the dipole-dipole interaction) operators are modified by the cross-relaxations. Using this
model, we can numerically solve the master equation and get the density matrix in the stationary state ps. With pg
we can directly obtain the |ms = 0) population, corresponding to the experimentally measured photoluminescence.

With regards to the torque estimation, we use a semi-classical formula :

T = Nov.(S) x B,

where Ny ~ 10° is an estimate of the number of spins in our sample based on the average size and NV density of our
diamonds, 7. is the gyromagnetic ratio of the electron and (S) = Tr(p,S) is the averaged spin vector in the stationary
sate, averaged again over the four possible orientations of NV. This formula assumes that the spin dynamics is faster
than the dynamics of the motion of the diamond, which is the case in our experiments.

In our plots in Fig. and Fig. 3 of the main text, we only represent one spatial component (e.g. I';) of the torque,
because the three components behave similarly.
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