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Recent experiments demonstrate all-electric spinning of levitated nanodiamonds with embedded
nitrogen-vacancy spins. Here, we argue that such gyroscopically stabilized spin rotors offer a promising
platform for probing and exploiting quantum spin-rotation coupling of particles hosting a single spin
degree of freedom. Specifically, we derive the effective Hamiltonian describing how an embedded spin
affects the rotation of rapidly revolving quantum rotors due to the Einstein-de Haas and Barnett effects,
which we use to devise experimental protocols for observing this coupling in state-of-the-art experiments.
This will open the door for future exploitations of quantum spin rotors for superposition experiments with

massive objects.

DOT: 10.1103/zjpt-whpf

The free rotation of a magnetized body can differ signi-
ficantly from that of the same object if it were nonmagnetic.
This, perhaps surprising, discrepancy is due to the fact that
magnetic moments carry a spin angular momentum that
contributes to the total angular momentum of the magnet-
ized body, as quantified by the material-specific gyromag-
netic ratio. Remarkably, it is the fotal angular momentum,
i.e., the sum of mechanical and spin angular momentum,
that enters the equations of motion of the body [1]. This
gives rise to the so-called spin-rotation coupling [2] between
rigid-body rotations and magnetic degrees of freedom, as
famously witnessed in the Einstein-de Haas and Barnett
effects [3—7]. The impact of spin-rotation coupling typically
decreases with particle size, while it is still relevant for
microscale and nanoscale magnetic objects [8—13].

Nanoscale particles of various shapes and with sizes
ranging from hundreds of nanometers to tens of microns
can be stably suspended in ultrahigh vacuum using optical,
electrical, or magnetic traps [14]. Monitoring and control-
ling their linear and rotational motion with laser fields
enables precision sensing of forces and torques as required
for fundamental tests of physics [15,16]. Recent demon-
strations of cooling their center-of-mass oscillations
[17-20] and their angular librations [21-23] in an optical
tweezer into the quantum regime constitute the first steps
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toward quantum applications of levitated particles. The
demonstrated degree of control and readout renders these
systems ideal for performing quantum experiments with
objects of unrivaled masses [24-29].

Experiments with levitated magnetic objects aim at
harnessing their magnetic properties to gain better control
over the internal and external degrees of freedom of the
nanoparticle [30]. Magnetized particles have been trapped
in electric [31,32], magnetic [33-35], optical [36,37], and
superconducting traps [38—40], where their center-of-mass
and rotational motion can be monitored and manipulated.
Various schemes have been devised to control their
mechanical motion via driving the internal magnetization
field [41-46] or individual magnetic defect centers, such as
nitrogen-vacancy (NV) centers [30,47-54]. These schemes
promise to enable sensing of magnetic fields and accel-
erations [9,39,55-57], as well as the creation of massive
superpositions [27,58-62], and perhaps even probing the
quantumness of gravity [63].

In this Letter, we show how the spin-rotation coupling
between a levitated nanoparticle and a single embedded
spin degree of freedom can be observed and exploited for
quantum experiments. The proposed scheme is based on
the recent experimental demonstration of rapid spinning of
electrically levitated nanodiamonds with embedded spin
degrees of freedom [32,64]. This spinning boosts the spin-
rotation coupling while it also gyroscopically stabilizes the
nanoparticle orientation in the corotating frame (see Fig. 1),
so a combination of magnetostatic fields and microwave
pulses then enables controlling the collective motion of
hundreds of millions of atoms via a single spin.
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FIG. 1. (a) Charged spheroidal nanodiamond with an em-
bedded nitrogen-vacancy (NV) center is levitated in a Paul trap
and revolves rapidly with frequency @ in the symmetry plane of
the trap. The major principal axis n; of the body is chosen to be
aligned with the NV quantization axis so that the NV spin states
|S| = %h) are split by the rotation-induced Barnett field as well
as by an applied magnetic field B. The particle rotation induces
(b) an effective gyroscopic potential /w?/2 sin” /3 stabilizing the
out-of-plane rotation angle $, up to small librations &, while the
external magnetic field together with spin-rotation coupling
induce (c) a spin state-dependent potential V,,(y) for y rotations
around the body-fixed symmetry axis depending on the spin
states |S; = Aim) with me {-1,0, 1}.

Specifically, we consider a symmetric nanodiamond with
a single embedded NV spin levitated in the presence of an
external static magnetic field B = Be,, as schematically
depicted in Fig. 1. The nanodiamond is approximated as an
ellipsoidal rigid rotor with semiaxis lengths /[, =/, < /3
and moments of inertia Iy =1, =1 with I3 <. The
nanoparticle orientation Q = (a, f3,7), parametrized by
Euler angles in the z —y — 7" convention, specifies the
tensor R(L) which rotates from the lab-frame axis e;,
J =X, y, z, to the rotor principal axes n,(Q) = R(Q)e;,
u = 1,2,3.Forinstance, n; (Q) = R(Q)e,, etc.; an explicit
expression for n,(Q) is given in Supplemental Material
[65]. The inertia tensor depends on the orientation of the
particle through 1(Q) = > 1,n,(Q) ® n,(Q). A single
NV center with spin-one angular momentum vector oper-
ator S is embedded in the nanodiamond, effectively
introducing an internal spin triplet and adding the magnetic
dipole moment y,S to the particle (with gyromagnetic
ratio yg > 0). The spin angular momentum adds to the
mechanical angular momentum to yield the total angular
momentum J of the system. For the spin quantization
axis, we choose n;(Q), effectively breaking the symmetry
of the particle shape; the NV zero-field splitting is D, ~
27 x 2.87 GHz. Possible imperfections, such as weak
deviations from axial symmetry or small misalignment
of the NV axis relative to the principal inertia axis, are
analyzed in Supplemental Material [65].

Gyroscopic stabilization is achieved by trapping a
charged particle in an azimuthally symmetric quadrupole
trap and spinning it with high rotation frequency @ around
the lab-frame e, axis, as recently realized in two experi-
ments [32,64]. For homogeneously charged particles the
electric quadrupole tensor aligns with the inertia tensor,
with quadrupole moments Q; = Q, = Q and Q5 > Q. For
vanishing electric dipole moment, the center-of-mass and
rotational motion of the particle decouple so that the
resulting rotational macromotion potential is determined
by the ac voltage U, the electrode separation d,,, and the
ac frequency w,. [83]. The spin-rotor Hamiltonian is

(J_S)2 1 1 2 D,

H = — -
" 20, 21 (=) +
—yOB(Slsinﬁcosy—stinﬂsiny—S3cosﬁ)

N U2.(Q — 03)?
161w2.d}

St

sin’ ffcos? f. (1)

Here, J, = J-n,(Q) denotes the body-frame component
of the total angular momentum vector and likewise for S.
The confining quadrupole potential depends only on the
polar angle f, implying that the lab-frame angular momen-
tum component p, = J - e, is conserved. It is thus con-
venient to transform the spin-rotor state |y) to a corotating
frame of boosted angular momentum via

) = exp (= 10r2 ) ) @)

This adds the gyroscopic potential Iw?/2sin’>f [see
Fig. 1(b)] to the quadrupole potential in Eq. (1), effectively
confining the particle to the rotation plane f ~ z/2 with
harmonic frequency

ws = \/a)Z + Ugc(Q B Q3)2. (3)

8wl d

For large rotation rates w; ~ @ [65], librations out of the
rotation plane can be first linearized in é = z/2 — f and
then adiabatically eliminated. Specifically, linearization
yields

p: D
nv
Hyo = He + L+ =282 + (yoBS; — op, )&
21; ' h

+ (0 —yoB) (S cosy — S, siny), (4)

with p, = J3, H = pz/2I + Iw3z&*/2, and nondominant
contributions to spin-rotation coupling as well as dispersion
in the gyroscopic motion being neglected [65]. The fast
librations out of the rotation plane can now be eliminated
by neglecting transitions between eigenstates |n) of H in a
Born-Oppenheimer approximation [65]. This is achieved
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by expanding
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so that the adiabatic spin-rotor state |y,) evolves according
to the Hamiltonian

p; | roB D
s
21eff e 3 o
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H, =

(ST +S2)

e™7 + H.c

+lih [9.(S1 +iS,)* + H.c.]. (6)

This Hamiltonian describes the coupling between the
NV spin and y rotations with effective inertia I =
I15/(I — I3). The final two terms are the adiabatic potential
(or potential energy surface) for fixed libration state |n),
containing the magnetic potential as well as spin-rotation
coupling and the Barnett effect on the NV zero-field
splitting. The adiabatic terms are weighted by the overlap
integrals

ipe h(w — yoB

fu=trlexp (=BT ), )
ipe 20y B

on = alexp (=FE2058 ) ), ()

for transitions between displaced and nondisplaced libra-
tion states. Note that f, ~1 for n < IP0*/h*y3B? and
likewise g, ~ 1. Given that Ay B/Iw?> < 1 for realistic
magnetic fields and rotation rates, the Hamiltonian (4)
becomes approximately independent of n. Thus, all adia-
batic spin-rotor states |y,) evolve according to the same
effective Hamiltonian:

g P;  Du o . 70BSip,
Y] Al e
eff
+ (w —y9B)(S; cosy — S, siny). (8)

This Hamiltonian is the main result of this Letter and the
starting point for the proposals discussed below. It accounts
for spin-rotation coupling in three different ways. First, the
planar y rotation occurs with the effective moment of inertia
I ¢+ because ¢ librations are gyroscopically stabilized and
adiabatically eliminated. Second, the rotation rate w of the
particle induces the effective spin-dependent potential in
the second line of the Hamiltonian (8). Third, the B field
induces a coupling of the spin to rotations around the
symmetry axis of the particle as described by the last term
in the first line. Note that this coupling is typically small
and will be neglected in the following (see Supplemental

Material [65]). Next, we will study the implications of
gyroscopic stabilization for the experimental observation of
strong spin-rotation coupling.

(a) Barnett splitting—The Hamiltonian shows how the
degeneracy of the |S; = +#) states is lifted by the Barnett
effect for B = 0. Specifically, neglecting y rotations by
setting y = 0 and p, = 0, the |S; = £#) levels are split
by the gyroscopic rotation frequency @. Note that the
resonance frequency is also Doppler shifted by the particle
rotation rate since the microwave drive is applied in the
lab frame rather than in the rotating frame of the NV
center [84-86].

(b) Barnett alignment—The described setup can be used
to observe that the Barnett field —w/y, tends to align pro-
late particles with their own rotation axis [11]. This follows
from considering the hard magnet limit | — yoB| < Dy,
where the spin is rigidly attached to the body frame
Sy = hm with me {-1,0,1} and S, = S3 = 0. Then the
adiabatic Hamiltonian (8) implies that the particle revolves
according to the spin-dependent potential V,,(y) =
hm(w — yoB) cosy [see Fig. 1(c)],

Iy = hm(w — yoB) siny. )

For B = 0 and m = 1, the rotor tends to orient with y =
so that the rotation axis aligns with the spin axis. A finite
magnetic field B > 0 weakens the impact of the Barnett
field and exactly compensates it at B = w/y,, where the
particle evolves freely in y, as would be expected for an
object carrying no spin degrees of freedom. Experimentally
observing the alignment of the particle spin axis with the
rotation axis is thus a unique signature of strong spin-rotation
coupling in a rotating nanoparticle. It can be observed in
state-of-the-art experiments with nanodiamonds spinning in
quadrupole ion traps. This is illustrated in Fig. 2(a), which
shows the steady-state alignment (cosy) of the NV axis
as a function of the rotation rate @ for three different
temperatures. Note that a robust implementation in the
presence of rotor asymmetries uses nanodiamonds hosting
multiple NV centers (see Supplemental Material [65]).

(c) Stabilization of spin superpositions—For moderate
magnetic fields, the superposition of the magnetic spin
states |o, = +1) = (|S; = +h) + |S; = —h))/+/2 becomes
stabilized when the spin quantization axis lies in the
rotation plane. Specifically, for |w — yoB| < D,,, the non-
magnetic state |S; = 0) remains far detuned from the mag-
netic states |S; = +#) for all orientations y. The former can
thus be adiabatically eliminated, yielding the spin-rotor
Hamiltonian in the magnetic spin subspace

ho
Py +— (1 +0,)sin?y + hgo. cosy.  (10)

H —
M Dl 2

Here, § = (0 — yoB)?/Dyy, g = (0 — 7oB), and o, and o,
are Pauli matrices in the magnetic subspace of the NV spin.

073604-3



PHYSICAL REVIEW LETTERS 136, 073604 (2026)

(b)
150
100
< 50
30
© 50
—100
"‘-.. 7150 s B S 0 “‘.
—100 —-50 0 50 100 0 1/4. 1/2 3/4 1
© (w —70B)/27 in MHz L oy/2m
Ll'o —Tmrl| 4 [ )
=038 X+
= —0.1mT 2 I
=06 < l
=04 _m;“%;, —504T] O] e
\>S 02 - ‘/X > 'HH;ZL',-,“ 72 ,"" ...".
00 C e () (2 0.02
0 1 2 3 4 5 6 0.0 5 _qu /2
WAt
FIG. 2. (a) Steady-state alignment (cosy) as a function of the

applied magnetic field. The variance is indicated by the shaded
region. (b) Potential energy surfaces Q. (solid) and Q_ (dashed)
for B=—-0.5 mT and w/2z =1 MHz. The inset shows the
avoided crossing around y = 7/2 where the spin-rotor state |y )
can be stably trapped in the |6, = +1) spin state. (c) Spin
transition probability for an initial state in spin |6, = +1) (solid)
and spin |0, = —1) (dashed) as a function of w, for different
magnetic field strengths. The nanodiamond has an ellipsoidal
shape with semiaxes /3 = 200 nm and /; = [, = 0.3/5.

In contrast to the hard magnet limit, this Hamiltonian
accounts for spin transitions as described by 6 # 0.
Diagonalizing the spin-dependent part of Eq. (10) yields
the potential energy surfaces 7. (y)/2 for the y dynamics,

Q. (y) =5sin’y + \/62 sin*y 4+ 4¢%cos?y,  (11)

as depicted in Fig. 2(b). They exhibit an avoided crossing at
y = r/2 (and 37/2), in addition to the potential minima at
y=0,7 for |S;==+h) already observed in the
hard magnet limit. The energies can be linearized near
the avoided crossing yielding 7Q.(y) = +hé/2+
hg*(y — /2)? /8, showing that the spin rotor is harmoni-
cally trapped in the spin state |6, = +1). The ground state
of the resulting harmonic potential is stably trapped for
|6 > |go,|, where 6, = (18/81.4g%)"/* is the ground state
width in the effective harmonic potential [65]. The state
becomes unstable if this condition is violated, as illustrated
in Fig. 2(c) for three different magnetic field strengths, or
when the spin superposition decoheres.

(d) Spin-controlled quantum interference—For strong
magnetic fields, |w — yoB| ~ D,,, the quantum state of the
NV spin can be used to generate and read out super-
positions of the angle y. Specifically, the magnetic state
|S; = +h) can be adiabatically eliminated for small libra-
tions around y ~ 0, restricting the spin to the two levels
|1) =S, =—h) and ||) =|S; = 0) with detuning A =
D,, —g. For small amplitudes and detunings (y?) <
|Al/|lgl < 1, the two spins are effectively decoupled,

and the resulting dispersive spin-rotor Hamiltonian follows
as [65]

2
Dy hg , hA 3hg 49\ ,
Hy = <t ot (145 )r%e. (12
a=gtg ot (13,1 (12)

This dispersive Hamiltonian (12) can be used to create and
read out nonclassical states of the rotor with a simplified
version of the scheme discussed in Ref. [12]. Specifically,
for A > 0, the spin is initialized in |1), while the rotor is
prepared in a thermal oscillator state py, with corresponding
frequency w, = \/hg(1 + g/A)/l and temperature 7,
p = pm ® |1)(?1]. The interference protocol is then imple-
mented in three steps [see Fig. 3(a)]: (i) a microwave
7/2-pulse is applied to prepare the spin in a superposition
1) = (|1) 4 [4))/+/2. The oscillator then evolves for a
time 7, during which the branch with spin |]) becomes
squeezed. (ii) At time ¢ = 7, a microwave z-pulse reverses
the role of the spin [1(])) — || (1)), followed by a second
evolution over a time 7 which now squeezes the thermal
oscillator in the second spin branch. (iii) A final z/2-pulse
at t =27 closes the interferometer through |1(])) —
(|1) £ [4))/v2, creating a superposition of squeezed
states. The microwave pulses are applied in the lab frame
and therefore experience a rotational Doppler shift in the
NV frame; however, the drive remains resonant throughout
the rotation, ensuring coherent spin control during the
entire protocol [65]. The evolution of the oscillator during
the pulse is negligible as the pulse duration is much shorter
than the timescale of its dynamics. The probability of
measuring spin |1(])) after the interferometer sequence
is Py = 1/2 £ exp(=21/T,)+/|A,| cos[arg(4,)/2]/2, with
the Hahn-echo spin dephasing time 7, and the time-
dependent complex number A, [65]. For small temperatures
T < hw,/kg, with the Boltzmann constant kg, it is
determined by

1 A
y 1+ (1 —e?or) sinh2<

T

ﬁg) (13)

\/IeffA ‘

The spin probability rephases for 7 = z/w,, where A, = 1,
due to a perfect overlap of the states of the two branches,
reduced only by NV spin decoherence with the realistic
dephasing time of 7, = 10 ps [87-89]. Other environmen-
tal decoherence channels remain negligible in the regime
considered (see Supplemental Material [65]). This can be
seen in Fig. 3(b), which demonstrates that increasing the
rotation frequency @ enhances the interference signal by
reducing the total interferometer time. Figure 3(c) shows
the total interferometer time and the recurrence probability
P,(7r=r/w,) as a function of the spin-rotor coupling
g/ D, . The shaded region indicates where the NV’s T, time
exceeds the interferometer time, resulting in a significant
enhancement of the interference signal.
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FIG. 3. (a) Pulse sequence and state evolution of the interfer-

ence protocol. (b) Probability to measure |1) at the end of the
interferometer sequence as a function of interferometer time
tw,/n (evaluated at w/27z =1 MHz) for B = -95 mT and
different rotation frequencies w/2z =1 MHz (gray, solid),
50 MHz (light blue, dotted), 100 MHz (dark blue, dashed).
The inset shows the probability close to rephasing. (c) Duration
of the full protocol (dark blue, solid) and recurrence probability
(light blue, dotted) depending on g/D,,. The shaded region
indicates when the interferometer time is exceeded by the T, time
of the NV spin. The nanodiamond has an ellipsoidal shape with
semiaxes /3 = 100 nm and /; = [, = 0.215.

The proposed experiments for gyroscopically stabilized
spin rotors are within reach given the recent achievements
in the field of levitated particles [17-19,32,48,64].
Electrically charged nanodiamonds hosting NV centers
have been trapped, manipulated, and monitored both via
light scattering as well as by preparation and measurements
of the embedded spins (state initialization with a green laser
and microwave driving to the magnetic states [90])
[31,47,91]. Gyroscopic spinning of charged particles with
embedded spin degrees of freedom was recently demon-
strated [32,64], achieving MHz rotation rates. [lluminating
the particle with circularly polarized light can further boost
the rotation rate beyond GHz [92-94].

In summary, we discussed the gyroscopic stabilization of
rapidly spinning nanodiamonds with a single embedded
NV spin, leading to an effective spin-rotor Hamiltonian
containing only a single rotational degree of freedom. We
proposed several schemes to use this Hamiltonian to probe
spin-rotation coupling in state-of-the-art setups and to

perform mechanical quantum interference experiments.
Our Letter presents the first steps toward applications of
gyroscopically stabilized spin rotors.
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