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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 diamond 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 the investigation of angular momentum conservation in spin relaxation processes, and to
different means of cooling the motion of mechanical oscillators.
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Controlling the motion of macroscopic oscillators at ul-
tralow motional temperatures has been the subject of intense
research over the past decades. In this direction, optomechan-
ical systems, where the motion of micro-objects is strongly
coupled to laser light, have had tremendous success [1]. Sim-
ilar interaction schemes are 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 [2–4]. At the single spin level, this achievement
would offer the formidable prospect of transferring the inher-
ent quantum nature of electronic spins to the oscillators, with
foreseeable far-reaching implications in quantum sensing and
tests of quantum mechanics [5–7].

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 [8–11]. One
solution to counteract this issue is to work with large ensem-
bles of spins [10]. This approach does not lend itself easily to
observing nonlinear 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 distance 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 instance, been employed in the
optical domain to increase the coupling of electron dipoles to
mechanical motion, akin to superradiant processes [13–16].
Further, using NV centers, the coupling strength can be tuned
resonantly among different NV orientations [17], offering
prospects for studying the interplay between dipolar interac-
tions and motional degrees of freedom in a controlled fashion.
Increasing the density of NV centers also means that they can
couple more efficiently to other spins in the diamond [18–21]
and even transfer their polarization [22]. Angular momentum
exchange in such cross-relaxation processes could result in a
rotation of the crystal, as in the Einstein–de Haas effect, and

even enable controlling mechanical oscillators in the quantum
regime [23].

Here, we employ resonant dipolar interactions between NV
centers to rotate a micromechanical oscillator. Specifically, we
use NV centers inside a diamond that is levitating in a Paul
trap and use resonant cross-relaxation (CR) between them to
observe a spin torque coming from the NV paramagnetism.
The mechanism is described in Fig. 1. As depicted in the
left panel, NV centers are found in four different orientations
in the diamond crystalline structure. In the presence of an
external magnetic field at an angle with respect to the NV axis,
NV centers acquire a magnetization. Due to quasirotational
invariance of the problem, although each NV class could exert
a significant magnetic torque to the diamond, the total spin
torque τs is reduced. The NV paramagnetic susceptibility is
then only on the order of the diamagnetism coming from
the orbital motion of the electrons in the diamond valence
band. The key point of our study is that resonant dipole-
dipole interactions between the spin of NV centers of different
orientations can be enhanced which, in turn, increases the
paramagnetism.

Let us now describe how resonant dipole-dipole interac-
tions can be harnessed. When the electronic spin transitions
of NV centers become resonant, the polarization of the NV
of different orientations can be exchanged through cross-
relaxation [24]. The conditions on the magnetic field for CR
to occur are described in Sec. I of the Supplemental Material
(SM) [25]. The right panel of Fig. 1 shows a CR mechanism
that partly removes the contribution from two classes of NV
centers (labeled 1 and 3 in Fig. 1), which breaks the four-
spin rotational invariance. The total spin torque τs can then
be large enough to rotate the diamond. The ingredient that
enables such CR to take place is the differing T1 from one
NV to another. It was shown in Ref. [30] that in highly doped
diamond samples, a few fast-decaying NV centers, so-called
fluctuators, can then depolarize an ensemble of NV centers
through dipolar interaction. Figure 2(b) depicts the dipolar
interaction between two NV centers. In this example, the
electronic spin of NV1 is polarized in the ground state via the
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FIG. 1. General principle of the resonant dipole-dipole enhanced
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 corre-
sponding colors). Left panel: The (quasi)rotational invariance gives
a small total spin torque τs. Right panel: A magnetic field (not shown)
is tuned so that the energy levels of the spin classes 1 and 3 become
degenerate. Cross-relaxation (CR) between these two classes of NV
centers occurs, altering the rotational symmetry and increasing τs.

green laser, whereas NV2 is a fluctuator, which has a shorter
relaxation time T1 than the polarization time. The spins will
exchange magnetic quanta through flip-flop processes result-
ing in a depolarization of NV1. This was shown to reduce
the average T1 of the ensemble from the phonon-limited T1

(≈ ms) to a few hundreds of microseconds [31] and to lower
the total photoluminescence (PL) [17,18,30,32–37] in bulk
materials. The origin of the fast-decaying NV centers was
attributed to the presence of charge tunneling among closely
packed NV centers [30]. The NV centers that undergo tun-
neling with other impurities (possibly with the substitutional
nitrogen defect [38]) have a largely reduced longitudinal spin
lifetime T1.

Such a process has yet to be studied in detail with nano- or
microparticles. Smaller diamond particles in fact tend to suffer
from extra parasitic surface effects such as spin depolarization
due to an interaction with paramagnetic dangling bonds on the
surface [39], or enhanced charge transfer between the NV0

and NV− charge states [40], so it is essential to verify that it
can be observed with microparticles. We start by searching for
CR using microdiamonds that are physically attached to the
trap, by employing a fixed bias magnetic field ||Bbias|| ≈ 100
G and by tuning another magnetic field Bem at some angle
with respect to Bbias using an electromagnet [see Fig. 2(a)].
The change in orientation of the total magnetic field can be
visualized in Sec. I of the SM [25].

The photoluminescence from the NV centers is detected
using standard confocal microscopy. At specific magnetic
field directions with respect to the crystalline axes, degen-
eracy between the spin of NV centers can be reached [17].
We measured the T1 time in these conditions by applying a
green laser that polarizes the NV centers and measure the
photoluminescence at a later time. Such a measurement can
be significantly impacted by the recharging of NV centers in
the dark [30,36,41,42]. In order to accurately measure the T1

(c)

(a)

(b)

FIG. 2. Schematics of the experiment. A microdiamond is levi-
tating in a ring Paul trap enclosed in a vacuum chamber. 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 avalanche photodiode APD1 after passing
through a beam splitter (BS). The photoluminescence from the NV
centers is collected on APD2 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 the short/long longitu-
dinal relaxation of NV2/NV1. Red circles represent the population
in each state and red dashed arrows represent the resonant dipole-
dipole interaction between the two NV centers. (c) Measurements
of the longitudinal relaxation from a single NV class when (i) it
is not resonant with any other classes (T1 = 1.61 ms), (ii) when it
is resonant with another class (T1 = 490 μs), and (iii) when it is
resonant with the three other classes (T1 = 220 μs). The three traces
have been offset for clarity.

and remove the changing PL due to the recharging effects, we
use the sequence presented in Sec. III of the SM [25], where
a microwave pulse is or is not applied prior to spin relaxation.
The PL signals acquired in the two different measurements
are then subtracted and shown for different degeneracy con-
figurations in Fig. 2(c). In the absence of degeneracy, we
observe a profile that is close to a stretched exponentially
decaying curve [30], from which we extract a T1 = 1.61 ms,
already shorter than the phonon-limited lifetime in dilute bulk
materials [39]. This lifetime is even further reduced when
more orientations are brought to resonance. This hints at the
role played by dipolar interactions, which are enhanced when
more classes of NV centers are resonant [17,30].

The main goal in the present Letter is to demonstrate
mechanical action of such dipolar-induced relaxations when
diamonds are levitating in the Paul trap. One major extra in-
gredient for this is the magnetization of the NV centers when
they are laser polarized. Let us consider first the dependence
of the ground state energy of a single spin as a function of
the angle between a magnetic field and the NV axis. The
Hamiltonian for one NV orientation with quantization axis z′
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FIG. 3. Numerical simulations of the spin torques on a diamond
containing one NV center per orientation as a function of θ and φ, the
polar and azimuthal angle with respect to the [100] direction. (a) and
(b) show the torque without and with cross-relaxation between NV
centers respectively. Notice the different torque scales.

in the particle frame reads

ĤNV = h̄DŜ2
z′ + h̄γeB · Ŝ, (1)

where Ŝ is the spin vector, D = (2π )2.87 GHz the zero-field
splitting, and B is the external magnetic field. Under the
condition γ ||B|| � D, assuming an NV center in the (x, z)
plane and a B field along z, ĤB = h̄γeB · Ŝ = h̄γeB(Ŝx′ sin θ +
Ŝz′ cos θ ) can be treated as a perturbation to the anisotropic
part h̄DŜ2

z′ of the Hamiltonian. Here, θ is the angle between the
magnetic field and the body-fixed NV center axis. The energy
εg of the ground state perturbed by the B field is then

εg =
∑

ms=±1

|〈0|ĤB|±1〉|2
−ε0

±1

= −h̄
(γeB⊥)2

D
, (2)

where B⊥ = B sin θ . A direct use of the Hellmann-Feynman
theorem can give the torque in the ground state. We find that

τs = −∂εg

∂θ
= h̄

(γeB)2

D
sin 2θ. (3)

A proof of the applicability of this theorem in the presence
of dissipation is presented in Sec. IV of the SM [25]. At
an angle θ = π/4, where the torque is maximized and at
a B field of 100 G, we obtain τs ≈ 2 × 10−27 N m. Taking
into account the whole NV level structure, we then find τs ≈
10−18 N m, using 109 spins polarized in the ground state.
Taking a librational confinement frequency of the diamond
in the Paul trap to be around ωθ/(2π ) ≈ 1 kHz, we obtain
a spin-torque-induced angular displacement of τ/Iyω

2
θ ≈ 1

mrad, which can be measured with a high signal-to-noise ratio
in our setup [10]. Here, Iy ≈ 10−22 kg m2 is the moment of
inertia of the particle around the y axis.

As already hinted at, however, the contributions from the
other NV classes must also be taken into account (see Fig. 1).
Figure 3 presents the result of numerical calculations of the
torque coming from the four classes of NV centers, assuming
only one NV per orientation here. Figure 3(a) shows the
torque magnitude as a function of θ and φ without taking
into account CR. The torque from each of the four classes ap-
pears clearly from the symmetry. Their different contributions
however sum up to give a maximum torque of around 10−28

N m, which is 20 times smaller than the torque that can be
obtained for a single class. The quasirotational 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-
ure 3(b) shows the same plot, but including CR. Details on
the model can be found in Sec. VI of the SM [25]. Here,
we use numbers that are deduced from the experimental ob-
servations of the CR-induced change of the T1 in Fig. 2(b).
One can see that a new pattern with a larger spin torque
is superimposed onto the previous map. These larger val-
ues coincide with crossings of the crystal planes where NV
degeneracies occur. At these coordinates, 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 interactions
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 characterized by recording mechanically
detected magnetic resonances (MDMRs) [10] similar to in
magnetic resonance force microscopy (MRFM) [43]. The
angular motion is detected by collecting the back-reflected
green light from the diamond interface [see Fig. 2(a)], sep-
arated from the excitation light using a beam splitter as a
microwave drives the spin to the ms = −1 state. Figure 4(a)
shows MDMR detection of spin resonances for three different
Bem amplitudes. At 10 and 25 G, one can observe four peaks
in the spectrum that demonstrate a microwave-induced torque
on the diamond from the four classes of NV centers. At 17
G, however, two classes merge at a microwave 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 perpendicular to
the [110] direction, as shown in Fig. 4(a). Figure 4(b) shows
the photoluminescence as a function of Bem both experimen-
tally [trace (i)] and numerically [trace (ii)]. As expected, the
PL decreases across the degeneracies at around the same
magnetic field value. Figure 4(c)(i) is a measurement of the
diamond angular position acquired using the reflected green
laser, simultaneously to the PL. In the linear regime, the de-
tected reflected laser intensity is proportional to the angular
deviation. Calibration of the absolute angular deviation would
require knowledge of the angles between the NV centers and
the diamond main axes [10].

Trace (ii) is the corresponding calculation. A pronounced
variation of the reflected signal is also observed, demon-
strating the close correspondence between degeneracy and
diamond rotation, and the enhanced spin torque as the dipolar
interactions between the spins increase. Note that, as opposed
to the PL detection which always shows dips in the spectra,
the laser signal coming from the particle surface can increase
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 simulations. Fitting
Fig. 4(c)(i) by a Gaussian curve, we deduce a width that
is similar to the PL width of Fig. 4(b)(i) (2.1 and 2.8 G,
respectively). This gives a width of 9 (12) MHz comparable
to the inhomogeneous broadening of the sample. Similar ex-
periments were realized on different particles under different
degeneracies. In Sec. V of the SM, we present results taken
under a twofold degeneracy.
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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 a Gaussian fit, and (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 a
Gaussian fit, and (ii) simulation of the magnetic torque applied to the diamond.

Let us conclude by mentioning two applications offered
by dipole-dipole induced mechanical rotation. First, when
performed under vacuum [44], this effect can be employed to
control the temperature and stiffness of mechanical oscillators
in the absence of a microwave. For cooling, a delay between
the spin and Paul trap torques [1,10,45] 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 corresponding 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 previous pair repolarizes, extracting energy from the
angular motion during each cooling cycle [46].

Conversely, the CR-induced torque can be viewed as an-
other spectroscopic technique for sensing dipolar interactions
between NV centers and spins that cannot be polarized
optically. Using a magnetic field oriented close to the dia-
mond [111] direction would, for instance, enable detection
of dark paramagnetic species such the P1 centers [22]. The
method may open a path towards the, otherwise difficult,
experimental investigations of angular momentum conserva-
tion during relaxation processes in crystals, as proposed in
Ref. [23].
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the framework of the DIM SIRTEQ.
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