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Spin dynamical decoupling for generating macroscopic superpositions of a free-falling nanodiamond
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Levitated nanodiamonds containing negatively charged nitrogen-vacancy centers (NV−) have been proposed
as a platform to generate macroscopic spatial superpositions. Requirements for this include having a long
NV− spin coherence time, which necessitates formulating a dynamical decoupling strategy in which the regular
spin flips do not cancel the growth of the superposition through the Stern-Gerlach effect in an inhomogeneous
magnetic field. Here, we propose a scheme to place a 250-nm-diameter diamond in a superposition with
spatial separation of over 250 nm, while incorporating dynamical decoupling. We achieve this by letting a
diamond fall for 2.4 m through a magnetic structure, including 1.13 m in an inhomogeneous region generated by
magnetic teeth.
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I. INTRODUCTION

Quantum mechanics suggests that an object of any size can
be placed in a spatial superposition state; however, the most
macroscopic superposition observed to date is the matter-
wave interference of molecules made of up to 2000 atoms
incident on gratings with period 266 nm [1–3]. This leads
to the question: is there a transition point beyond which a
superposition is too macroscopic to exist? To achieve a large
macroscopicity a combination of large mass, superposition
distance, and time are required [4–6]. Creating superpositions
with a larger macroscopicity will both increase our knowl-
edge of the domain of validity of quantum mechanics and
make progress towards proposed tests of the quantum na-
ture of gravity [7–14]. One set of proposals for achieving a
more macroscopic superposition is based on levitated nan-
odiamonds, each containing a single nitrogen-vacancy center
(NV−) [15–19]. The core feature of these schemes is that
the NV− is put into an electron spin superposition so that
an inhomogeneous magnetic field creates a superposition of
forces and hence a spatial superposition. The two components
of this matter wave then interfere with each other to produce
fringes. Here we build on the idea of using a free-falling
nanodiamond [18].

The inhomogeneous magnetic field used to create the su-
perposition will also provide diamagnetic trapping in one
dimension [19]. A scheme has been proposed that dynam-
ically decouples the NV− spin, increases the maximum
separation distance of spatial superposition, and dynamically
decouples the matter wave from decoherence [19]. However,
for realistic magnetic fields, the oscillation period is too long
to provide effective spin decoupling; therefore, we introduce
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a structure of magnetic teeth. The proposed scheme does not
require the motion of the center of mass of the nanodia-
mond to be cooled to the quantum ground state [16,18,19],
although motional ground-state cooling has been experimen-
tally demonstrated for levitated nanoparticles [20–22]. Other
key experiments in this area include nanodiamonds levi-
tated with optical tweezers [23–28], Paul traps [29–34], and
magnetic traps [35,36]. The rotational motion of levitated
nanodiamonds has also been shown to be relevant in theory
[37] and experiment [38].

A key requirement of this proposal is that the NV− cen-
ter contained in the falling nanodiamond must have a long
enough spin coherence time, T2, to remain coherent through-
out the drop. Using dynamical decoupling, T2 times exceeding
1 s have been measured for NV− in nonlevitated bulk dia-
monds [39,40]. The longest reported T2 time in micro- or
nanodiamonds is 708 µs using isotopically pure 12C diamond
material that is then etched into pillars of diameters 300
to 500 nm and lengths 500 nm to 2 µm [41]. For natural
abundance 13C micro- or nanodiamonds, the longest T2 time
reported for particles fabricated using etching techniques is
210 µs [42] and by milling 460 µs [43,44].

II. PROPOSED SCHEME

We now go on to propose a method for generating a
macroscopic spatial superposition of nanodiamonds, shown
schematically in Fig. 1. In free fall, the Hamiltonian that
governs the dynamics of the nanodiamond in the x direction
is given by [18,19]

H = p̂2
x

2m
+ g‖μB(±B′x̂ + B0)Ŝz′ + |χ |V

2μ0
(±B′x̂ + B0)2

+ mg sin(φ)x̂ + h̄DŜ2
z′ , (1)
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FIG. 1. (a) Schematic of the proposed experiment for testing
macroscopic superpositions. A nanodiamond should be cryogeni-
cally cooled to 5 K on a cold surface and then shaken off with
ultrasound to be levitated in a magnetic trap or Paul trap in ultrahigh
vacuum. The diamond is then dropped through a magnetic field that
includes homogeneous and inhomogeneous regions. The diamond
lands on a glass slide held at 5 K. Magnets are shown schematically
with their north and south poles in red (dark gray) and blue (light
gray), respectively. The schematic is not to scale. (b) Schematic of
the paths taken by the two superposition components, A in solid blue
(solid light gray), B in solid red (solid dark gray), and dashed purple
(dashed gray) for presuperposition. T is the period of oscillation of
the separation and s the maximum separation reached.

where φ is the tilt between the z axis defined by the magnet
geometry and the vertical defined by gravity. To estimate
the maximum spatial separation, the external magnetic field
is assumed to have the form B(r̂) = (±B′x̂ + B0)ex, where
±B′ is the average magnitude of the magnetic-field gradient,
B′ = 940 T m−1, changing direction with each magnetic tooth
crossing, and B0 = 420 mT is the bias magnetic field at x = 0;
see Fig. 2. The NV− axis, z′, is assumed to be aligned with the
x axis.

The first term of Eq. (1) describes the kinetic energy of
the nanodiamond, the second is due to the energy of the
NV− electron spin magnetic moment in the external magnetic
field, the third includes the diamagnetic effect of the diamond
material in the dynamics, the fourth term describes the relative
gravitational potential energy for different x positions in the
presence of tilt, and the final term is due to the zero-field
splitting of the NV− center energy levels. p̂x and x̂ are the mo-
mentum and position operators along the x axis, respectively.
m = 2.9 × 10−17 kg, V = 8.2 × 10−21 m3 , and χ = −2.2 ×
10−5 are the mass, volume, and volume magnetic suscepti-
bility of the nanodiamond. The proposed mass and volume
correspond to a nanodiamond containing around 1.5 billion
atoms with a diameter of 250 nm. g‖ = 2.0029 [45] and Ŝz′

are the g factor and spin component operator for an NV− with

its axis assumed to be aligned with the external magnetic field.
D = 2.87 GHz is the zero-field splitting of NV− [46]. μB, μ0,
and g are the Bohr magneton, vacuum permeability, and ac-
celeration due to gravity, respectively. A detailed description
of the dynamics is provided in Appendixes A and B.

The experimental protocol would run as described in the
following 11 steps. (1) Trap a nanodiamond and measure the
diamond mass by fitting the power-spectral density [47,48].
(2) Collect an optical fluorescence spectrum, to confirm
the presence of NV−. (3) Perform a Hanbury Brown–Twiss
(HBT) measurement to confirm the trapped nanodiamond
contains a single NV−. (4) Measure the ODMR spectrum
to check the orientation of the NV−. Align the NV− axis
to the x axis using a magnetic [34,37] or electric field [49].
Electrically neutralize the diamond with a radioactive source
and/or UV light [35,50,51]. Steps (1) to (4) would take around
five minutes for each nanodiamond. (5) Optically polarize the
NV− spin to |0〉, apply a π pulse to transfer to | − 1〉, and
drop the diamond. The first 1.27 m of the drop occurs in a
homogeneous magnetic field aligned along the +x direction.
This keeps the NV− aligned along the x axis and allows the
nanodiamond to build up speed so that the magnetic teeth in
the second half of the drop are crossed at a frequency that
can be used for dynamical decoupling. (6) After dropping
1.27 m, apply a microwave π/2 pulse to change the spin
state from |0〉 to (|0〉 + | − 1〉)/

√
2. The superposition dis-

tance could be doubled by using the state (| − 1〉 + |1〉)/
√

2
instead [52,53], but this would increase the number of pulses
required for the dynamical decoupling, which would make
the decoupling less efficient, reducing the T2. (7) An alter-
nating inhomogeneous magnetic field is present throughout
the final 1.13 m of the drop, which lasts 190 ms. The teeth
mean that the magnetic-field inhomogeneity alternates be-
tween ±1.45 Tm−1m, as shown in the simulations in Fig. 2(b).
After going into the initial spin superposition, the diamond
first experiences a strong magnetic-field gradient in the +x
direction, which provides a superposition of forces and creates
a small spatial superposition. As the diamond falls into a
region of magnetic-field gradient in the −x direction a mi-
crowave π pulse is applied. This flips the spin states within
the superposition, so that the spatial superposition distance
will continue to increase. The repeated π pulses also refocus
the spin decoherence from the spin bath of the diamond.
The phases of the π pulses are chosen to provide dynamical
decoupling, such as a modified XY8 sequence [54]. Unlike the
standard XY8 sequence, the time between pulses decreases
throughout the drop as the nanodiamond continues to ac-
celerate. (8) Recombination of superposition components is
due to diamagnetic forces [16,19], which is an effect of the
harmonic form of the trapping potential. After 23.75 ms, the
superposition distance generates enough of a differential in
the diamagnetic acceleration experienced by the two compo-
nents of the superposition that there is no relative acceleration.
Beyond this superposition distance the components accelerate
towards each other, with a maximum separation reached after
47.5 ms. The spin and diamagnetic forces will recombine the
superposition components after 95 ms. At this point an extra π

pulse is applied, for motional dynamical decoupling [19], and
the drop continues for a further 95 ms until a second recom-
bination so that, in the second half, each spatial superposition
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FIG. 2. Finite element simulations, using COMSOL multiphysics software, of a shorter length of the proposed magnetic tooth structure
to produce an alternating inhomogeneous magnetic field, generating a spatial superposition in the x direction. Neodymium magnets are
considered, both magnetized in the +x direction. (a) A y = 0 plane plot of the magnitude of the magnetic field. The flux concentrates in
the teeth, producing large field gradients across the gap as the opposing teeth are offset from each other by the tooth width. (b) The gradient of
the x component of the magnetic field in x direction, simulated along the z axis of the magnetic geometry. The noise present is due to the finite
size of mesh elements in COMSOL. The gradient of the y and z components of the magnetic field are plotted in Fig. 4 in Appendix A.

component follows the path the other took in the first half,
as shown in Fig. 1(b). After 190 ms a π/2 pulse is applied
to end the interferometric scheme and the nanodiamond is
caught on a glass slide which is held at 5 K. (9) Optically read
out the spin state of the NV−. (10) Move the slide slightly
and repeat from step (1). (11) Measure the T2 of each of the
NV− in different nanodiamonds in a row on the glass slide.
Diamonds with T2 times that are short compared with the drop
time would not be included in the data analysis of the spatial
superposition.

The maximum superposition distance created can be esti-
mated by s = (2g‖μBμ0)/(V |χ |B′) [19]. For the parameters
proposed in Eq. (1), s = 276 nm. The oscillation frequency of
the superposition distance due to diamagnetic forces is ω =√|χ |/ρμ0B′ = (2π )10.56 Hz [19], where ρ = 3510 kg m−13

is the density of diamond.

III. DISCUSSION

Optical traps raise the internal temperature of impure
nanodiamonds in vacuum [27], and even high-purity nanodia-
monds would absorb enough of the trapping light to raise the
internal temperature by hundreds of kelvin at gas pressures
of 10−6 mbar [28]. High internal temperatures of the trapped
nanodiamond will limit NV− T2 times [40] and blackbody ra-
diation can collapse the spatial superposition [55], even if the
motion of the center of mass is cooled by feedback cooling.
Therefore, a magnetic trap [35,36] or Paul trap [29–33] should
be used to reduce internal heating. Dropping the diamond
from a magnetic trap could be achieved by applying an electric
field to pull the diamond out of the bottom of the trap [35].

This would use the electric dipole induced in the diamond.
Dropping the diamond from a Paul trap may be possible by
neutralizing the particle.

Before the drop, the rotational vibrations would have a
temperature of 5 K. There is no need to reach the ground
state [16,18] but the diamond should maintain its orientation
during the drop. This is needed to avoid torques [49], to en-
sure a predictable ODMR spectrum for the microwave pulses,
and to maximize the force experienced [49]. As the room-
temperature NV− T2 is on the order of ms, the homogeneous
linewidth should be below 30 nT, so the g factor should be
defined to one part in 106; however, it depends on the orien-
tation of the external magnetic field relative to the NV− axis
[45]. One way to make the g factor repeatable to one part in
106 would be to hold the orientation of the NV− to within ±4◦
of the external field. The diamond remains in a magnetic field
aligned along the x axis throughout the drop; this will keep the
NV− axis oscillating around the x direction [34,37]. To avoid
precession [56] feedback cooling [34,35,57] of the rotation of
the diamond is required before the drop. Light should not be
used to provide this feedback because of its heating effects,
but dielectric electrical detection and feedback would avoid
this heating [35,58].

As well as cooling rotational vibrations prior to the drop,
stray surface spins on the nanodiamond should be polarized
using a large superconducting magnet, generating approxi-
mately 8 T. Spin bath polarization by magnetic fields of this
magnitude have been shown to extend the T1 and T2 times
of both the NV− spin and the spin bath by suppressing
energy-conserving flip-flop transitions [59]. Alongside ex-
tending NV− spin coherence time, this will reduce noise due
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to spin bath transitions both during each drop and from drop to
drop. ODMR at high magnetic fields has also been previously
demonstrated in NV− centers [60,61]. This strong magnetic
field will also aid diamagnetic trapping. Assuming the extra
field is uniform across the trapping region, the magnet will
induce a greater magnetization in the nanodiamond, without
affecting the shape of the trap. Even if a field of only a few
tesla could be generated, the benefits would still be present to
a lesser extent.

The magnitude of the inhomogeneous magnetic field must
be extremely stable not only between drops, to build an inter-
ference pattern without washing out fringes, but also during
each drop to maintain a coherent state through to the recom-
bination of the two spatial superposition components. The
problem of achieving coherent recombination via magnetic
fields has been analyzed in the “Humpty-Dumpty” effect
[62–64]. Despite the extreme accuracy required, coherent
recombination has been demonstrated experimentally for a
Bose-Einstein condensate [65,66]. Bose-Einstein condensates
have also been proposed as another approach to probe the
quantum nature of gravity [67].

The proposed magnetic tooth width in the z direction of
115 µm sets the number of microwave π pulses used for
dynamical decoupling during the inhomogeneous field region
of the drop at around 9800. The NV− coherence times of
600 ms and 1.58 s were achieved with 8192 and 10240 pulses,
respectively [39,40]. The magnetic field at the location of
the diamond in the inhomogeneous region is, from Fig. 2(a),
approximately 420 mT; therefore, Majorana spin flips of
the unwanted electronic and nuclear spin impurities are
avoided [14].

Continuous microwave excitation could also be used be-
tween discrete π pulses to implement spin locking of the
NV−. Here microwaves drive rotations of the spin state about
the axis along which it is aligned in the Bloch sphere [68–70].
This alternative form of dynamical decoupling would allow
fewer teeth to be used, as coherence is extended without
flipping the spin state; however, the magnetic teeth cannot be
removed entirely. Without the magnetic-field gradient alter-
nating in direction a large diamagnetic oscillation can move
the nanodiamond into a significantly different magnetic-field
region, or even crash the nanodiamond into the magnets. The
number of magnetic teeth could be reduced from 9800 to a
few hundred to avoid large diamagnetic oscillation, if spin
locking adequately maintains coherence between π pulses.
Spin locking could also reduce the length of the drop prior
to the magnetic teeth, as π pulses are not needed as frequently
to maintain coherence so the required falling speed of the
diamond prior to magnetic teeth is reduced.

By ensuring that the two spatial superposition compo-
nents follow the same, time-inverted, path across the first and
second oscillation, as shown in Fig. 1(b), the accumulation
of relative phase between the two superposition components
due to static potentials that have the same dependence on
x in the first and second oscillation are suppressed [19,49].
The induced gravitational phase due to a tilt of the magnets
from the vertical defined by gravity is partially suppressed
[16,18,49]. The uncancelled phase is due to the change in
the gravitational acceleration as the nanodiamond gets closer
to the center of mass of the Earth during the drop. The

fringe width of the interference pattern produced is sampled
by sweeping φ by approximately ±500 µrad around φ = 0.
Active stabilization of an optical table to less than 350 nrad
of tilt noise has been demonstrated [71]. The fringe width
could be reduced by increasing the magnet separation in the
second oscillation. The reduction in magnetic-field gradient
will increase both the superposition distance and the phase
accumulated in the second oscillation. This mechanism could
be used to evidence superposition with an effect that couples
only to the nanodiamond, not the NV− spin. Other suppressed
relative phase contributions include the magnetic moments
from non-NV− spins in the nanodiamond and the nanodia-
mond’s electric dipole moment [49]. The width and separation
of the magnetic teeth are kept constant throughout the drop to
maintain a consistent spatial superposition separation in the
first and second oscillation. Therefore, as the nanodiamond
continues to accelerate under gravity, the nanodiamond covers
a greater distance in the z direction and a greater number of
teeth are crossed in the second oscillation than in the first.

Larger superposition distances could be reached by in-
creasing the drop time and implementing more motional
dynamical decoupling oscillations [19] in addition to the spin
decoupling provided by the magnetic teeth and π pulses.
Alternatively, by inserting homogeneous field regions in the
magnetic teeth structure at the point at which the rate of gain
of separation of the superposition components is greatest, the
superposition could be allowed to evolve freely. This increases
the maximum separation reached before inhomogeneous mag-
netic fields can be used to recombine the superposition.

The traditional room-temperature spin readout of the NV−

has a single-shot signal-to-noise ratio (SNR) of only 0.03,
so would require over 105 nanodiamonds to be dropped just
to get a single data point with SNR = 10 [72]. However, by
keeping the diamond at 5 K, single-shot single-spin readout
can be used via photoluminescence excitation. 95% NV−

readout fidelity has been demonstrated [39,73].
Decoherence of the matter wave can come from gas

atoms and from blackbody radiation. It has been shown that
5 K is cold enough that blackbody radiation will not cause
wave-function collapse even up to much larger superposi-
tion distances [55]. Pressures of below 10−13 mbar would
be needed to avoid decoherence from gas atoms as a single
collision would cause collapse for a superposition distance of
276 nm [55].

A generic obstacle to any such large superpositions as are
described in this proposal is that the phases developed are so
large that they can be pseudorandom unless the environment
is controlled precisely. To avoid this problem, initial runs
would use a much shorter superposition time and distance,
with the superposition recombining due to extra π pulses
[18] rather than solely diamagnetic forces. By slowly increas-
ing the superposition distance and time, accumulated phases
could be identified and controlled before they become so large
that they are pseudorandom. This additional phase is gener-
ated by sources such as external electric and magnetic fields,
and tilt instability. These phases could be actively canceled.
For example, by monitoring external electric fields and then
using electrodes to output a canceling field in real time, addi-
tional phase accumulation is reduced. The additional phase
could also be canceled by monitoring the external sources,
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and then subtracting their effects from the measured spin
state data.

The timing precision required is on the order of 1 ns,
which is reasonable as microwave pulses are routinely applied
with nanosecond precision in NV− experiments. Thermal
expansion of the magnets can reduce the maximum spatial
superposition distance due to mistiming of the π pulses. To
suppress induced phases the magnets need to be held at a
temperature stable to better than 1 mK, or the length of the
drop monitored to better than 10 nm precision and the pulse
timings adjusted accordingly.

The mechanism used to drop the nanodiamond from the
initial trap may not be consistent enough to rely on for the
required submicrosecond timing precision required. Instead,
a timing gate system in the first half of the free fall (in the
homogeneous field region prior to the teeth) could be used
to synchronize the π pulse timing. Low-power photon beams
across the drop region could be used to detect the passage of
the nanodiamond in free fall, before the superposition scheme
begins. Once the timings of the nanodiamond passing the
timings gates are known, the π pulses can be timed to the
tooth crossings.

The spin must be read out at the time of the second re-
combination as otherwise the superposition components will
spatially separate again. Therefore, a slide should be placed
at the vertical position of the second recombination of the
spatial states to catch the nanodiamond without collapsing the
spin state superposition. The spin can then be read out from
the stationary nanodiamond in a confocal microscope setup.
The slide must be positioned vertically with enough preci-
sion such that the nanodiamond superposition state colliding
with it does not provide the required which path informa-
tion to collapse the spin superposition. That is, the collision
must occur when the spatial state and the spin state of the
NV− are separable, as discussed in Appendix B.

IV. CONCLUSION

We have proposed a scheme to place a 250 nm diameter
diamond into a spatial superposition with a separation of over
250 nm. This would probe the macroscopic limits of quantum
mechanics. The scheme incorporates spin dynamical decou-
pling pulses, which is crucial to enable the spin coherence
times required to generate such a macroscopic superposition.
Spin dynamical decoupling is possible due to a proposed
structure of magnetic teeth. The paths of each superposition
component in the first and second half of the drop are chosen
such that the only gravitational phase accumulated is due
to the change in the gravitational field down the drop. This
relaxes the requirements on tilt stability.

It has previously been proposed that two macroscopic su-
perpositions interacting gravitationally could be used to probe
the quantum nature of gravity [7,8]. The magnetic structure
we propose here could be scaled up to implement the test of
quantum gravity in the arrangement labeled “symmetric” in
Ref. [74] or “parallel” in Ref. [75]. By increasing the depth
of the magnets in the y direction, and dropping two diamonds
offset in y, two identical superpositions could be generated
simultaneously. This is advantageous, as generating two su-

perpositions with separate magnets and control infrastructure
in close proximity would be extremely challenging.
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APPENDIX A: NANODIAMOND MOTION

Let us restate the geometry and Hamiltonian considered
for the dynamics of the falling nanodiamond in Sec. II. In the
reference frame of the magnets the x axis is the magnetization
axis and the z axis runs parallel to the gap between the mag-
nets, as shown in Fig. 3(a). A tilt in the magnetic structure will
create an angle φ between the z axis and the vertical defined
by gravity:

H = p̂2
x

2m
+ g‖μB(±B′x̂ + B0)Ŝz′ + |χ |V

2μ0
(±B′x̂ + B0)2

+ mg sin(φ)x̂ + h̄DŜ2
z′ . (A1)

Only dynamics of the nanodiamond in the x axis are con-
sidered by the Hamiltonian in Eq. (A1) [18,19], with the free
fall occurring due to gravity assumed to be independent for
small φ. The external magnetic field is assumed to have the
form B(r̂) = (±B′x̂ + B0)ex, where ±B′ is the average mag-
nitude of the magnetic-field gradient, B′, changing direction
with each magnetic tooth crossing, and B0 is the bias magnetic
field at x = 0. The NV− axis, z′, is assumed to be aligned
with the x axis. Before discussing the spatial superposition
generation scheme presented in Sec. II, first let us consider
the dynamics in a static magnetic-field gradient, without teeth,
tilt, or bias field. In this case, the equilibrium x position of the
|0〉 and | − 1〉 spin states of the NV− center are separated by
�xeq = (g‖μBμ0)/(V |χ |B′) [19].

However, the magnetic tooth structure is required to incor-
porate spin dynamical decoupling of a useful frequency into
the schemes previously proposed [18,19]. The diamagnetic ef-
fect of the oscillating magnetic-field gradient direction can be
separated into two components. First, a force independent of
x position acts on the nanodiamond, F ∝ ∓B′B0. This causes
the nanodiamond position to oscillate around x = 0 as it falls.
This occurs due to the nonzero magnetic field at x = 0 and
acts independently of spin state; thus each spatial superposi-
tion component feels the same force throughout the drop. For
this reason in further discussions of the relative dynamics this
effect is ignored. Secondly, the nanodiamond experiences a
restoring diamagnetic force, F ∝ −(±B′)2x̂. This effect only
depends on the magnetic-field gradient, not the bias. Further-
more, due to the spin flips and swapping of paths A and B,
both superposition components contain an NV− in the spin
|0〉 and | − 1〉 states for the same amount of time; therefore,
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FIG. 3. (a) Schematic showing the coordinate axes for the spatial superposition generation scheme. x, y (not shown), and z axes are defined
in the reference frame of the magnets. Any tilt to the magnets creates an angle φ with the vertical defined by gravity. The orientation of the
axis of the NV− center in the falling nanodiamond is given by z′. Magnets are shown schematically with their north and south poles in red
(dark gray) and blue (light gray), respectively. The magnitude of φ is exaggerated. (b) An annotated and scaled copy of Fig. 1(b), depicting the
paths taken by the two spatial superposition components, one in solid red (solid dark gray), the other in solid blue (solid light gray), and dashed
purple (dashed gray) for presuperposition. s is the maximum separation reached. Key microwave pulses are indicated, but the spin dynamical
decoupling spin flips that coincide with crossing magnetic teeth are not shown for clarity. �xeq indicates the separation of equilibrium positions
about which the paths oscillate.

the constant bias field term in the spin magnetic moment term
can be canceled. Hence the new considered Hamiltonian is
given by

H = p̂2
x

2m
+ g‖μB(±B′x̂)Ŝz′ + |χ |V

2μ0
(±B′x̂)2 + mg sin(φ)x̂

+ h̄DŜ2
z′ . (A2)

In the absence of tilt this is the same as the Hamiltonian
presented in Ref. [19], except for the ±B′ direction changes.
However, the alternating direction of the magnetic-field
gradient generated by the magnetic teeth combined with the
spin flipping π pulses timed to coincide with the nanodiamond
crossing the change in field gradient direction mean that the
spatial superposition components experience the same relative
forces as if the spin was not flipping, and the field gradient was
not changing direction. Therefore, the final Hamiltonian can
be written:

H = p̂2
x

2m
+ g‖μBB′x̂Ŝz′ + |χ |V

2μ0
(B′x̂)2 + mg sin(φ)x̂

+ h̄DŜ2
z′ .

(A3)

Here the relative position dynamics of the two superposi-
tion components can be explained in an effective scheme,
where there are no spin flips, other than the microwave
pulses labeled in Fig. 3(b), and the magnetic-field gradient
has a constant magnitude and direction with zero bias field.
However, in the absence of tilt, this is exactly the scheme
described in Ref. [19]. Therefore, the spatial separation of the
two superposition components can be described by two har-
monic oscillators with �xeq = (g‖μBμ0)/(V |χ |B′) and ω =√|χ |/ρμ0B′ [19].

Although the relative forces on each superposition compo-
nent are identical, there is a difference between the scheme

presented here and that presented in Ref. [19]. Due to the
combined spin flipping and magnetic-field gradient direction
change, in the first oscillation shown in Fig. 3(b), whenever
path A contains spin | − 1〉 it “sees” an equilibrium position
of −�xeq but when path B contains spin | − 1〉 it “sees” an
equilibrium position of +�xeq. If the spin is in state |0〉 in
either path it “sees” xeq = 0. This is why, despite at any point
in time the difference in forces on each component is identical
to the scheme in Ref. [19] for | − 1〉 and |0〉, unlike Ref. [19]
both paths deviate from x = 0, as shown in Fig. 3(b).

As discussed, the neglected B0 terms have no effect on the
relative motion of the superposition components; however,
they do induce a diamagnetic oscillation around x = 0 for
both superposition components, as shown in the simulation
of the nanodiamond motion for the Hamiltonian of Eq. (A1)
in Figs. 5(a) and 5(b). This is not shown in the schemat-
ics of the nanodiamond path because it does not change
the macroscopicity of the superposition created and, due to
the large number of teeth crossed per diamagnetic oscillation,
the oscillation can be canceled by having the first tooth be half
the width of the rest, as shown in Figs. 5(c) and 5(d).

The first three terms of Eq. (A3) account for the relative
motion of the nanodiamond superposition components as, for
small φ, gravity affects the x position of both components
identically. That is, for |φ| < 1 mrad and |�x| < 300 nm, it
is assumed that at any instant in time both superposition
components experience the same g as each other, but that
g can change throughout the drop. Therefore, the introduction
of tilt only induces a gravitational phase difference between
spatially separated superposition components [18]. Due to the
inversion of paths A and B in the second half of the drop,
see Fig. 3(b), any gravitational phase difference due to a con-
stant g is canceled [49]. The repeated spin flipping and path
inversion also cancels any phase difference due to the zero-
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FIG. 4. Gradient of the y, in green (light gray), and z, in black
(black), components of the magnetic field as well as the x component,
in blue (dark gray) displayed in Fig. 2. Away from edge effects, along
the z axis of the magnet geometry, the only field gradient in the x
direction is from the x component of the magnetic field. As is the case
in Fig. 2, the noise present is due to the finite size of mesh elements
in COMSOL.

field splitting term and both superposition components, A and
B, contain the spin |0〉 and | − 1〉 states for the same amount
of time. In the ideal case the only phase not canceled between
paths A and B is due to the change in g down the ≈1 m drop
as the nanodiamond gets closer to the center of mass of the
Earth. This will be discussed further in Appendix B.

APPENDIX B: SPIN STATE INTERFERENCE

The state of the superposition at time t takes the form [18]

|�(t )〉 = |ψ (t, A)〉|A〉 + e−iϕ |ψ (t, B)〉|B〉√
2

, (B1)

where the position state of the nanodiamond in path j at time t
is given by |ψ (t, j)〉 and the accumulated phase difference, ϕ,
due to each spatial component having taken different paths A
and B has been explicitly factored out of |ψ (t, j)〉 for clarity.
The spin state | j〉 of the NV− center in the nanodiamond
taking path j is undergoing spin flips at each magnetic tooth
crossing:

|A〉 = | − 1〉 → |0〉 → | − 1〉 → |0〉 → · · · ‖B〉
= |0〉 → | − 1〉 → |0〉 → | − 1〉 → · · · . (B2)

Therefore at the instant the spin superposition is created by
a π

2 pulse at time t1, the state is given by

|ψ (t1, A)〉 = |ψ (t1, B)〉 = |ψ (t1)〉,

‖�(t1)〉 = |ψ (t1)〉(|A〉 + |B〉)√
2

. (B3)

After the superposition components oscillate once about their
respective xeq they recombine at time t3:

|ψ (t3, A)〉 = |ψ (t3, B)〉 = |ψ (t3)〉,

‖�(t3)〉 = |ψ (t3)〉(|A〉 + e−iϕ1 |B〉)√
2

, (B4)

where ϕ1 is the phase difference accumulated by the spatially
separated superposition components in an external gravita-
tional field [18]. The acceleration due to gravity increases
throughout the drop as the nanodiamond moves closer to the
center of mass of the Earth. By approximating the acceleration
to be constant with the value g(t2), ϕ1 is given by

ϕ1 = mg(t2)(t3 − t1)�xeq sin(φ)

h̄
. (B5)

The scheme continues for a second oscillation with an extra
π pulse at t3, such that the path taken by spin |A〉 is taken by
spin |B〉 in the second and vice versa, as shown in Fig. 3(b).
Therefore, at the second recombination at time t5 the state is
given by

|ψ (t5, A)〉 = |ψ (t5, B)〉 = |ψ (t5)〉,

‖�(t5)〉 = |ψ (t5)〉(e−iϕ2 |A〉 + e−iϕ1 |B〉)√
2

, (B6)

where ϕ2 is given by

ϕ2 = mg(t4)(t5 − t3)�xeq sin(φ)

h̄
. (B7)

By discarding a global phase factor the spin state at the
point of optical readout is given by

e−i�ϕ |A〉 + |B〉√
2

, (B8)

where

t5 − t3 = t3 − t1 = T, �ϕ = mT �xeq sin(φ)[g(t4) − g(t2)]

h̄
.

(B9)
The phase difference of Eq. (B8) is observed as an

interference pattern in the optical spin readout of the
NV− center, after the final π

2 pulse, as shown in Fig. 3(b).
The probability that the spin state is measured in |A〉 is of
the form PA = cos2( �ϕ

2 ) [18]. Therefore, by sweeping the tilt
angle φ the presence of a spatial superposition is evidenced
by observing spin interference fringes. For the parameters
considered, the fringe width spans a range of approximately
±500 µrad around φ = 0. By having the paths A and B invert
in the second oscillation only the change in g contributes to the
fringe width. If the scheme ended at t3, as well as not canceling
unwanted relative phase effects due to static potentials [49],
then in Eq. (B8) �ϕ = ϕ1 and the fringe width reduces to
<1 nrad. Therefore, the two oscillation scheme presented in
Figs. 1(b) and 3(b) greatly reduces the tilt precision required
and cancels unwanted relative phase accumulation.
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FIG. 5. Simulations of the paths taken by the two superposition components in the presence of magnetic teeth, as described by the
Hamiltonian of Eq. (A1). Along with an extra spin flip at the first recombination of paths, 9800 teeth and the associated spin flips for each
tooth crossing are considered with a magnetic field of the form B(r̂) = (±B′x̂ + B0)ex , where B′ = 940 T m−1 and B0 = 420 mT. (a), (b) Paths
taken in a geometry where all teeth are the same width. Here, x is the absolute position along the x axis shown in Fig. 3. The diamagnetic
oscillation of both superposition components is clear. (b) Despite the shared diamagnetic oscillation, the magnitude of the separation between
the two components is as described analytically by the Hamiltonian of Eq. (A3) [19]. Here, “Sim.” labels the simulated separation and “Ana.”
the analytical. (c), (d) Paths taken in a geometry where the first tooth is half the width of the rest. Here, |�x| is the absolute value of the
separation along the x axis between superposition components A and B. The shared diamagnetic oscillation is well canceled, without changing
the relative motion of the two components.
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