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Nanodiamonds with embedded nitrogen-vacancy (NV) centers have emerged as promising magnetic
field sensors, as hyperpolarizing agents in biological environments, as well as efficient tools for spin
mechanics with levitating particles. These applications currently suffer from random environmental
interactions with the diamond which implies poor control of the N-V direction. Here, we predict and report
on a strong diamagnetism of a pure spin origin mediated by a population inversion close to a level crossing
in the NV center electronic ground state. We show control of the sign of the magnetic susceptibility as well
as angle locking of the crystalline axis of a microdiamond along an external magnetic field, with bright

perspectives for these applications.
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The electronic spin of the negatively charged nitrogen-
vacancy (NV) in diamond has been employed in a broad
range of research directions over the past two decades with
impressive demonstrations in nanoscale magnetometry [1],
and in quantum communication and computing [2]. In the
employed platforms, high quality diamonds are typically
tethered to a scanning tip for imaging fields above magnetic
materials or to a cold finger for minimizing phonon-
induced relaxation in coherent spin manipulations.
Conversely, major other applications involving the elec-
tronic spin of the NV center require diamonds to be
untethered. In particular, freely moving or loosely bound
nanodiamonds containing NV centers can serve as in vivo
hyperpolarizing agents in nuclear magnetic resonance
[3-6] or as nanomagnetometers in living cells [7].
Another example is spin mechanics with levitating particles
[8]. There, single NV centers are envisioned as a bus for
creating quantum superpositions of the diamond motion.
The underlying idea is that quantum superpositions of the
NV electronic spin states can be transferred to the diamond
center of mass motion using magnetic field gradients [9] or
to the angle using homogeneous B fields [10], which offers
perspectives for matter-wave interferometry and tests of
quantum gravity [11-14].

When operated in a liquid or trapped under vacuum
however, the orientation of the nanodiamonds are subjected
to various conservative or viscous forces [15—18]. The spin
direction thus changes over time, making it difficult to
make full use of its capabilities for sensing and coherent
control. One major concern is the lack of NV polarization
when the external magnetic field is not along the diamond
(111) axis [19] and the required control over the microwave
frequency to adapt for the changing B field projection over
the NV axis. Here, we show that NV-doped diamonds
behave as materials with strong magnetic anisotropy and
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can be turned into diamagnets with a large susceptibility.
Further, we exploit the spin-diamagnetism to stabilize the
(111) crystalline axes of levitating microdiamonds along
the applied magnetic field.

To understand the origin of the NV-doped diamond
magnetism, let us first consider a generic nonmagnetic
crystal hosting independent atomic defects with unpaired
electrons. The dominant magnetization of such a crystal is
typically quantified through the variation in the electronic
energy levels ¢, of the defects as a function of an applied
magnetic field B via the formula
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where d is the density of the defects, B; is the magnetic field
component along the i direction, and p;, is the population in
the state k. This formula, derived using statistical physics
principles, is valid when mixed states are involved. Note
that we also neglect the demagnetizing field from the
defects, which is much smaller than the applied field in
typical dilute spin ensembles. The components y;; =
1o(OM? /OB;) of the magnetic susceptibility tensor y then

read
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The first term in this equation is positive, strongly temper-
ature dependent and gives rise to Langevin paramagnetism.
The second term typically has two opposing contributions:
a negative contribution coming from the orbital electron
motion, namely, the Larmor diamagnetism, and a positive
Van Vleck paramagnetic contribution [20,21]. As we will
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(a) Trace (i) and trace (ii), show the expected NV susceptibility coefficients y, and y, as a function of y,B. Trace (iii) (in
dashed lines) displays y | obtained from Eq. (1). The states |m, = 0") and |m;

—1') are eigenstates of the Hamiltonian away from the

level crossing. (b) and (c) Mechanically detected-magnetic resonances measured in the paramagnetic and diamagnetic regime where
B = 23 and 180 mT, respectively. The inset of (c) is an enlargement on the first spin resonance at 2.2 GHz. The dashed line is a sketch of
an MDMR in the weak microwave drive limit (arbitrary scale of the y axis).

show, close to a level crossing, NV-doped diamonds in
fact exhibit strong Van Vleck magnetism with a tunable
susceptibility.

The ground electronic state of the NV~ center is a triplet
state with a zero-field splitting D coming from magnetic
dipole-dipole interaction between two unpaired electrons
[22]. This interaction sets a natural quantization axis z
along the N-V direction shown in Fig. 1(a). One feature of
the electronic spin of the NV~ center is that it can be
optically polarized to the |m; = 0) state using green laser
light. In the absence of magnetic field, the other |m, = £1)
states both lie D ~ (27)2.87 GHz above the |m; = 0) state
at room temperature. In the presence of a magnetic field B,
aligned with the NV axis, the Hamiltonian of the NV~
center electronic spin reads

Hoy = hDS? + hy,B,S., (3)
where y, is the electron gyromagnetic ratio. In this
magnetic field configuration, there is no induced magneti-
zation of the NV-doped diamond because the two magnetic
eigenstates |m, = +1) are equally populated.

As is the case with several paramagnetic crystals
[20,23,24], the essence of the presented NV magnetization
lies in the state mixing induced by a static magnetic field
perturbation 0B that is perpendicular to the quantization

axes defined by the crystal field. The mixing between the
|my, =0) and |m, = +1) states generates a magnetic
moment that is perpendicular to the NV axis. Adding a
static perturbation 6B, the Hamiltonian becomes H=
ﬂo + V, where V = #y,6B - S. Close to level crossings,
coherences between eigenstates may no longer be negli-
gible, so the general formula M? = —dhy,(S;) must be
employed instead of Eq. (1), to calculate the magnetization.

One finds that the NV~ center acquires a magnetization
6M? = yNV6B /u, as depicted in Fig. 1(a). The tensor yNV

is rotatio_nally invariant along the e, axis so its only non-
ZETO COMPONENtS are | = Yy, = Xyy and y; = yy, =
—Xxy (see Sec. I of the Supplemental Material [25]).
To quantify the nonzero elements of )_(NV, we first consider

a single NV center orientation out of the four [111]
directions for simplicity. We also consider a density
d=N/V=1ppm and an optical pumping rate y, to
the |m, = 0) state that is far greater than the longitudinal
spin relaxation rate 7 =~ 500 us [29]. y | and y, are plotted
in Fig. 1(a). We also plot the result of the calculation
assuming a statistical mixture of the NV states in trace (iii).
In the limit where y, By, < D, y | ~ dhuy2y2/D ~107* > 0
so that the NV-doped diamond is strongly paramagnetic.
Including the four NV centers orientations along the four
[111] diamond crystalline axes now, the total susceptibility
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drops to about 107> This is comparable to the diamond
orbital diamagnetism (y,, &~ 107>) [29], which is negligible
in our experimental conditions. Close to the ground state
level anticrossing (GSLAC) however, the states |m, = 0)
and |m; = —1) mix much more (see Sec. I-D of the
Supplemental Material [25]). In this regime, one finds

2A
X1~ dhpg #(F;)z ; (4)
where A =D —y,By and I'; /27 = 1/T5 ~ 5 MHz is the
spin dephasing rate due to the fluctuating dipolar coupling
to substitutional nitrogen atoms.

As expected, the formula for | and y, only depart from
the trace (iii) at the GSLAC. When slightly detuned from
resonance, in the so-called dispersive limit |A| > T, we
can interpret the NV~ induced magnetization in terms of
Van Vleck magnetism (see Sec. I of the Supplemental
Material [25]). Importantly, the maximum susceptibility
lx 1|~ 1072 is 2 orders of magnitude larger close to the
GSLAC than far off-resonance. Further, when A < 0, the
NV spin population is in the first excited state [see inset of
Fig. 1(a)]. The NV intersystem crossing in the optically
excited state ’E indeed preserves polarization in the
|mg =~ 0) state even after the GSLAC, which results in a
population inversion, as in the recently demonstrated
diamond maser [30]. The possibility to swap populations
between |m ~ 0) and |m ~ —1) states using A thus results
in a tunable magnetization that can be opposed to (as in a
diamagnet) or aligned with (as in a paramagnet) the applied
magnetic field perturbation.

One way to determine the magnetization M of a material
is to measure the magnetic torque 7= VM(B)xB
applied to it under an external magnetic field B. For
NV~ centers at a small angle § with respect to B, we
can write B ~ Bye, + 0Be,. Treating the transverse field
OB = OBge, as a small magnetic perturbation, we get
7= (V/po)x L B§Oe,. As expected, if y, is negative (pos-
itive), the torque tends to rotate the particle so that the NV
center axis is aligned (perpendicular) to the magnetic field.

In our experiment, a 15 ym diameter diamond with a
concentration of NV centers between 3—5 ppm is loaded in
a 200 ym-diameter electrostatic trap with kHz angular
frequencies (see Sec. II of the Supplemental Material
[25]). The combined action of the Paul trap and magnetic
torques 7 determines the angle of the four NV centers with
respect to the external magnetic field. In order to character-
ize T and thus the N'V-induced magnetism, we apply green
laser light to polarize the NV centers in the |m; = 0)
state and sweep the frequency of a microwave signal at a
power that is far from saturating the spin transition. At a
spin resonance, a small magnetization is generated along e,
at which point the equilibrium angular position of the
diamond is slightly modified. This mechanically detected-
magnetic resonance technique (MDMR) [10] thus enables

tracking of the angles of the four NV orientations with
respect to the magnetic field B. In order to measure 7(B)
and to probe the spin diamagnetism, we then run several
scans under different magnetic field strengths (see Secs. III
and VI of the Supplemental Material [25]).

One of the spectra is plotted in Fig. 1(b) for B ~ 23 mT,
showing the characteristic opposite signals for |0) to |+1)
transitions of the same NV orientation [10]. Several other
MDMR scans have been realized with B fields varying
from 10 to 40 mT where we found that the extracted angles
of the four NV orientations do not depend significantly on
the applied magnetic field (see Sec. IV of the Supplemental
Material [25]). The equilibrium angular position is thus
largely determined by the electrostatic trap. A spectrum
taken at B ~ 180 mT is shown in Fig. 1(c). Here, only two
lines clearly detach from the spectrum with a very large
signal to noise ratio. Importantly, their frequencies are
consistent with an almost ideal alignment of one NV axis
along the magnetic field. Such radically different spectra
when B 2 105 mT, are observed in almost all of the
particles that we trap, pointing towards their microwave-
free magneto-optical rotations.

A closer look to the [m; = 0) to |my; = —1) transition
also confirms this hypothesis. The dashed line in the inset
of Fig. 1(c) is a sketch of an asymmetrical MDMR in the
weak microwave limit. When scanning a strong microwave
tone the observed MDMR response instead features a
slower increase on the red and a sharper decrease on the
blue side. Such an asymmetrical mechanical response is
the result of an interplay between the microwave sweep and
the diamond rotation. When the microwave tone is red-
detuned, the diamond rotates so that the energy difference
between the |0) and |—1) states increases. During the scan,
the NV resonance is dragged to the blue until the Paul trap
restoring torque overcomes the magnetic torque, at which
point the diamond rotates back to its equilibrium position.
Populating the |—1) state thus misaligns the NV and
magnetic fields axes. Therefore, the NV and magnetic
fields are better aligned when the NV centers are the |0)
state (see Sec. V of the Supplemental Material [25]).

Numerical calculations of the magnetic energy of
the NV-doped diamond are shown in Sec. VII of the
Supplemental Material [25]). The four [111] directions
of the NV centers are seen to be strongly confining, with a
potential depth that is 3 orders of magnitude larger than
kT ~ 102! J at T = 300 K, on the order of the Paul trap
confinement. Beyond the GSLAC, the spins can thus
efficiently pull the [111] crystalline direction towards the
magnetic field direction, as expected for a diamagnetic
anisotropic material.

In Fig. 2, the angle 8 of the NV centers orientation that is
closer to the magnetic field axis is measured experimentally
as a function of the magnetic field amplitude (see Sec. IV of
the Supplemental Material [25] for details about the angle
calibration technique). Three regions can be identified.
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FIG. 2. Angle of one of the diamond [111] axes versus
magnetic field amplitude.

When the magnetic field ranges from 0 to 45 mT (region 1),
6 does not change significantly. When the magnetic field
increases from 45 to 105 mT however, 0 reduces until it
suddenly drops. The dependence of §(B) in regions (1) and
(2) results from a competition between the torque applied
by the Paul trap and by the other three NV centers
orientations (see Sec. IV of the Supplemental Material
[25]). Importantly, close to 105 mT, a transition occurs
where the angle between the NV centers and the magnetic
field reaches ~2°. The NV orientation remains locked to
this value over a wide range of magnetic fields. The overall
change of the NV angle is thus consistent with the above
described transition from a paramagnetic state to a dia-
magnetic state at the ground state level anticrossing. The
latter transition is expected to take place at B, = 102.4 mT,
which is very close to the observed critical B field
(B, ~ 105 mT). We explain this difference by the residual
Paul trap torques which shift both 8 and B,. (see Sec. VI of
the Supplemental Material [25]). Another check that firmly
establishes NV spin induced diamagnetism is that the
particle [111] direction follows the magnetic field direction.
This is demonstrated in Fig. 3 where, as the magnetic field
direction is rotated, the angle between the NV and magnetic
field axis departs from the linear law and remains at small
angle values. Note that these are typical observations. Some
diamonds with larger NV concentrations were even found
to reach 0 values that were less than a degree.

One of the striking features of the observed diamagnetism
is its optical tunability. Figures 4(a) and 4(b) show that the
NV axis can indeed be steered towards the magnetic field
thanks to the laser induced polarization to the [m; = 0) state.
The magnetically induced librational frequency is also
expected to increase with laser power once in the diamag-
netic regime [region (3)]. Figures 4(c)(i) and 4(c)(ii) show
the power spectral density (PSD) of the librational modes
without (i) and with (ii) the green laser, showing a clear
frequency shift of both librational modes (see Sec. VI of the
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angle @5 (blue circles). See sketch in the inset on the top right.
The plain blue line is the response that would be obtained without
NV induced magnetism. The inset on the top left is a mechan-
ically detected magnetic-resonance scan taken at O3 & 14°.

Supplemental Material [25]). The increase of the observed
librational frequencies with laser power is plotted in
Fig. 4(d), showing again the strong magneto-optical nature
of the effect. A study of its dependence with the magnetic
field also shows the resonant boost of the librational
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FIG. 4. a) NV center’s electronic spin eigenstates in the A,
state. Green arrows depicts the effective optical pumping to the
|mg = 0) state that results from the intersystem crossing in the
optically excited E state (not shown). Black arrows depict
depolarizing mechanisms at rates 1/7. b) Angle of one of the
NV axes with respect to the magnetic field direction (as shown in
the inset) as a function of the green laser power. ¢) Trace i) and
trace ii), show the power spectral density of the librational modes
without/with the green laser respectively. d) Librational fre-
quency of the first mode as a function of laser power.
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frequency close to the GSLAC (see Sec. VII of the
Supplemental Material [25]).

Our observations open up several intriguing directions.
First, the discovered diamagnetism should be strong
enough to observe the diamagnetic force from the NV
centers. Calculations even suggest that increasing the NV
spin density by a factor of 10 and working with purer
samples [31-33] will create an internal magnetization that
is of the order of the applied magnetic field offering
the prospect of using a diamond to expel magnetic field
lines and thus to levitate them like in superconductor
levitation.

Being able to align diamond main crystalline axes along
magnetic fields also means that the embedded NVs can be
easily employed for polarizing other species, such as the
nuclear spins of the 1*C atoms of molecules under liquid
environments [34-36]. Many groups are currently working
towards polarizing paramagnetic species in solution using
the NV centers inside nanodiamonds [5]. One difficulty
with current attempts is to achieve large NV polarization
under a fluctuating environment and under necessarily
strong magnetic fields that are well-aligned to the NV
axis. Our technique thus counteracts this drawback and
may thus boost the hyperpolarization efficiency [37],
opening a path towards more efficient NMR (see
Sec. VII of the Supplemental Material).

More generally, our work may find applications for
remote control of the motion of nano- or microscopic
objects. As an example, the present magneto-optical con-
finement offers a solution for microwave-free stabilization
of the angle of NDs in optical tweezers [16—18] with
important perspectives for further spin-mechanical experi-
ments in the quantum regime [14,38—41].
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