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Quantum control of nuclear-spin qubits in a rapidly rotating diamond
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® (Received 29 July 2021; revised 22 November 2021; accepted 24 November 2021; published 13 December 2021)

Nuclear spins in certain solids couple weakly to their environment, making them attractive candidates for
quantum information processing and inertial sensing. When coupled to the spin of an optically active electron,
nuclear spins can be rapidly polarized, controlled, and read via lasers and radio-frequency (rf) fields. Possessing
typical coherence times of several milliseconds at room temperature, nuclear spins hosted by a nitrogen-vacancy
center in diamond are thus intriguing systems to observe how classical physical rotation at quantum timescales
affects a quantum system. In this work, we demonstrate optical nuclear-spin polarization and rapid quantum
control of nuclear spins in a diamond physically rotating at 1 kHz, faster than the nuclear-spin coherence time.
Free from the need to maintain strict field alignment, we are able to measure and control nuclear spins in the
presence of a large, time-varying magnetic field that makes an angle of more than 100° to the nitrogen-lattice
vacancy axis. The field induces spin mixing between the electron and nuclear states of the qubits, decoupling
them from oscillating rf fields. We are able to demonstrate that coherent spin state control is possible at any
point of the rotation. We combine continuous dynamical decoupling with feed-forward control to eliminate
decoherence induced by imperfect mechanical rotation. Our work liberates a previously inaccessible degree of

freedom of the NV nuclear spin, unlocking new approaches to quantum control and rotation sensing.

DOI: 10.1103/PhysRevResearch.3.043174

I. INTRODUCTION

Robust solid-state substrates such as diamond confer an
important advantage to the spin qubits hosted within: Coher-
ent operation in real-world environments at room temperature.
This makes diamond quantum sensors promising probes of
physical phenomena in demanding environments, such as ro-
tation at timescales commensurate with quantum decoherence
[1,2]. Employing color-center-based spin qubits as precision
quantum sensors in a range of applications is rapidly evolving,
and understanding how quantum spins in solids behave when
motional and rotational degrees of freedom are present is
becoming of critical importance [3—7]. Of the many known
solid-state color-centers, the nitrogen-vacancy center in di-
amond [8,9], is the most widely studied and, for quantum
applications, the most eminently promising.

While much interest is focused on the remarkable proper-
ties of the negatively charged NV~ center (hereafter simply
NV) electron spin, the intrinsic nuclear spin hosted within
the defect underpins some of the most important emerging
applications. Unlike '3C nuclear spins, which are randomly
distributed about the diamond lattice, the *N or N nitro-
gen nucleus is intrinsic to every NV center, an attractive
feature for scalable quantum processors and memories based
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on nuclear spins [10,11] as well as multimodal ancilla-based
sensing [12,13]. Featuring millisecond-long coherence times
due to isolation from the environment [14,15], the intrinsic
nuclear spin is also an eminently feasible system to probe
the interplay between classical rotation and quantum angular
momentum, having found applications in quantum rotation
sensing [16-21] and quantum information processing [22].
Physical rotation has long been a feature of solid-state nuclear
magnetic resonance (NMR) [23], simulating motional averag-
ing present in liquids and ultimately improving the coherence
of nuclear spins.

Accessing the nuclear degree of freedom and its myriad
benefits with a rotating diamond first requires nuclear-spin
hyperpolarization, which can be achieved using the electron
spin. While a range of alternative methods exist [24—29], the
simplest and fastest method uses a magnetic field applied
precisely parallel to the N-V axis, which induces an avoided
crossing in the NV excited-state triplet [30]. At this excited-
state-level anticrossing (ESLAC), B ~ 500 G, the NV mg =
0 and mg = —1 states approach degeneracy in the excited
state. During optical illumination, coupled electron-nuclear-
spin states undergo spin-conserving flip-flop transitions that,
with further optical cycling, result in a transfer of population
to a single nuclear-spin sublevel m;. This process, which can
be completed with a single 5-10 us laser pulse, also results
in nuclear state-dependent fluorescence and enables optical
quantum state readout [31,32].

The optical polarization procedure described above is
relatively insensitive to magnetic field strength [32], but
misalignments of less than a degree from the NV axis are
sufficient to totally suppress optically mediated nuclear-spin
polarization and readout [30]. Polarization at high magnetic
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fields is desirable due to the enhanced nuclear gyromagnetic
ratio (20x higher at 500 G [33] than at zero field), enabling
fast quantum gate operations. As a consequence, the NV-
nuclear-spin system typically must be deployed with the strict
condition of magnetic field alignment parallel to the NV axis.
This inflexible requirement severely restricts the usefulness
of nuclear spins in scenarios where the motional and rota-
tional degrees of freedom of a quantum system are not fixed
[4,34-36]. However, precise magnetic field alignment is only
necessary for the optical polarization and readout procedure,
and it is not necessary to coherently control the nuclear spin.

In this work, we overcome the restrictive, inflexible con-
ditions of optically induced nuclear hyperpolarization in a
truly demanding sensing environment: A diamond physically
rotating at 1 kHz, faster than the quantum decoherence rate.
In our experiment, a (100)-cut diamond is mounted so that
one NV orientation class makes a 54.7° angle to the rotation
axis, and a ~500 G magnetic field is aligned so that at a
given initialization time, within a narrow window, the nuclear
spin can be optically polarized via the ESLAC. Beyond this
alignment window, the NV axis and magnetic field are free
to assume any possible relative orientation dictated by the
rotation of the diamond. Resonant radio-frequency fields can
then be applied to drive the nuclear spins, with optical readout
occurring when the NV-magnetic field alignment is reached
again after one period.

Rapid rotation in the presence of a large off-axis field
represents a significant perturbation to the N'V-nuclear-spin
system, inducing mixing between electron and nuclear-spin
states. The rotation is also mechanical and thus subject to the
vicissitudes of mechanically driven processes such as period
jitter and drift which invariably impact the coherence of the
rotating qubits. We use feed-forward control to eliminate the
significant frequency shifts imposed by the off-axis magnetic
field and dynamical decoupling to suppress the deleterious
aspects of mechanical rotation. This quantum decoupling se-
quence can be made to eliminate any detectable effects of
physical rotation on-demand: Preserving the nuclear spins
through an entire cycle of rotation in the presence of a noisy
perturbation and demonstrating the precise level of control our
experiments can achieve.

II. EXPERIMENT

Rapid physical rotation on the order of the NV electron
spin coherence time 75, i.e., several hundred microseconds
at room temperature, imposes significant but achievable de-
mands on the stability and reproducibility of mechanical
rotation. In previous work, we have demonstrated quantum
control and measurement of single NV electron spins rotat-
ing at up to 200 000 rpm (3.33 kHz) [37,38]. Working with
ensembles of NV centers reduces some of the complexity
associated with optical measurement of a rotating diamond
[1,39]. However, magnetic field alignment during rotation
for optical polarization of nuclear spins imposes challenges
comparable to that of measuring single NV centers, given the
strict requirements for alignment.

A schematic of our experiment is depicted in Fig. 1(a)
and more details can be found in Appendix A. An electronic
grade diamond (ppb N concentration, Element6) containing

NV excited state

532nm
excitation

UoISSIWD

m,= 0 electron
ground state

FIG. 1. Rotating diamond experiment and NV energy levels.
(a) Schematic of the experiment: A diamond containing an ensemble
of NV centers is rotated by an electric motor at 1 kHz. A 480 G mag-
netic field is applied so that at a particular azimuthal rotation angle,
the field momentarily aligns with the NV axis, polarizing the host 14N
nuclear spin. Radio-frequency (microwave) fields are generated by a
coil (wire) antenna (lower panel) and are used with a 532 nm laser
to prepare, read, and control the NV and its nuclear spin. (b) NV
energy levels, showing nuclear-spin rf transitions, excited-state-level
anticrossing, and optical pumping process.

an ensemble of NV centers is mounted on its (100) face
to the end of the shaft of a high-speed electric motor. A
480 G magnetic field from a permanent magnet is applied at a
54.7° angle to the rotation axis. Spinning at 1 kHz, the motor
controller generates a timing signal that is fed into a delay
generator to trigger laser, radio-frequency, and microwave
pulses synchronous with the diamond rotation [37]. Adjusting
the delay time effectively controls the azimuthal angle of the
diamond, which is then set so that the NV and magnetic field
are precisely aligned at a particular time during the rotation.
A microscope objective on a three-axis piezo scanner focuses
1 mW of 532 nm laser light near the exact rotation center of
the diamond. The green light optically pumps the NV and its
nuclear spin into the |mg = 0, m; = +1) state, and the same
objective lens collects the emitted red fluorescence and directs
it to an avalanche photodiode, forming a confocal microscope.

III. OPTICAL POLARIZATION

An NV electron spin state can be optically pumped to
>92% polarization within one microsecond [40—42]. The
nuclear-spin polarization process is slower, typically taking
up to five or more microseconds to complete [32]. The degree
of polarization also depends on the magnetic field strength
[43]. In our experiments, the temporal dependence of optical
pumping is convolved with the angular variation of the mag-
netic field alignment imposed by rotation, and therefore the
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FIG. 2. Quantum-state measurement and control of a rotating ensemble of nuclear spins. (a) Ensemble NV PL as a function of time
while rotating at 1 kHz, with the laser switched on approximately 10us before the NV and magnetic field come into alignment. When this
occurs, optical pumping polarizes the *NV into the |mg = 0, m; = 41) state, which exhibits brighter fluorescence than the other nuclear-spin
states [32]. After this point PL is quenched, the laser depolarizes the nuclear spin, leading to a characteristic 4-us-wide Gaussian profile in
time, equivalent to a 1.2 ° angular window where polarization of the nuclear spin is possible. (b) State dependence of NV PL while rotating
(left). Optimizing the fluorescent contrast (right) amounts to timing the laser pulse to activate on the rising edge of the Gaussian feature
(approximately 2us from the peak) and subsequently extinguish without depolarizing the spin ensemble. We find that between 2 and 3 us
yields optimum results. (c) A variable duration pulse of resonant (5.1 MHz) 1f is applied immediately following nuclear polarization. The
diamond then rotates a full period before state readout, and we observe Rabi oscillations (blue circles). We can also first apply a resonant
m-pulse after polarization, which flips the nuclear spin into the dark m; = 0 state before applying a variable duration rf pulse after a rotation

period (orange squares).

nuclear-spin polarization efficiency is also affected by rota-
tion. To understand this effect, we study the time-dependent
photoluminescence (PL) emitted from the NV during optical
pumping.

After first ensuring optimum optical pumping while sta-
tionary (see Appendix B), we then studied the nuclear-spin
polarization dynamics while the diamond was rotating.
Figure 2(a) depicts the measured photoluminescence as the
NV axis approaches alignment with the magnetic field, ¢, =
8 us after the laser is switched on. The NV photoluminescence
is quenched except when the magnetic field direction is within
one degree of the NV axis [30,44]. For meaningful quantum
measurement, we must detect the difference in brightness
dependent on the '*N spin state. We reduced t, so that the
laser is switched on just before the NV axis and magnetic field
are aligned, and observe a difference in fluorescence when
an radio-frequency (rf) m-pulse is applied prior to readout
[Fig. 2(b)]. If the laser is not promptly extinguished, then the
light rapidly depolarizes the '*N beyond the point where the
magnetic field and the NV axis are aligned. The nuclear-spin
polarization is therefore limited to what is possible within the
narrow window depicted in Fig. 2(b).

The maximum fluorescence contrast (and thus nuclear-spin
polarization) is markedly lower while rotating compared to
stationary (2.5% versus 6%). Nevertheless, we were able to
perform and unambiguously detect quantum spin manipula-
tions on the rotating ensemble. We varied the duration of the
tf pulse, tracing out time-domain Rabi oscillations with the
nuclear spin first initialized into the |mg = 0, m; = +1) state
after optical pumping. In a further experiment, we applied a
resonant w-pulse and a variable-duration rf pulse at the start
and end of the cycle respectively, and thus measured Rabi

oscillations from the nuclear spin initialized to the |mg = 0,
my = 0) state. The nuclear (and electron) spin adiabatically
follows the quantization axis set by the NV zero-field splitting
and magnetic field during the rotation. The second measure-
ment in Fig. 2(c) effectively confirms this adiabaticity, since
the NV electron and nuclear-spin state is the same at the start
and end of the rotation.

IV. ELECTRON-NUCLEAR-SPIN MIXING

Rotation in the presence of a large field imparts a signif-
icant perturbation, effectively tilting the magnetic field from
0 to 109° and back, which results in strong, time-dependent
mixing of the electron and nuclear-spin levels. Mixing of
the electron spin levels augments the nuclear-spin energies,
resulting in larger perturbations to the nuclear-spin transition
frequencies than that of the magnetic field alone. Misalign-
ment of the magnetic field not only suppresses nuclear-spin
polarization, it also quenches the fluorescence of the NV
electron spin [44] for much smaller fields than that used in
this work. Rotation of the diamond therefore provides us with
a unique means of studying both the NV and its nuclear spin
in hitherto inaccessible regimes of magnetic field strength and
alignment. Before further experimental investigation, we con-
sider the Hamiltonian of the NV- N system and the effects
of a large, time-dependent off-axis magnetic field. For the
electron spin $ and nuclear spin I (both spin-1), the interaction
Hamiltonian is

H =DyS; —yS-B—y,-B+ QI
+A S 4 AL (S L+ S,1). (1)
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FIG. 3. State mixing in the electron and nuclear-spin manifolds
of the NV-'N system. (a) Initialized to the |mg, m;) = |0, +1)
ground state, we project the corresponding instantaneous eigenstate
of H(¢,o) onto the bare eigenstates of H when the field is aligned
to the NV axis. (b) Experimental pulse sequence used: A laser pulse
optically pumps the NV-nuclear spin, followed by an rf pulse with
swept frequency is applied after a variable delay time, and after
a full period the resultant spin state is read out. (c, top) NODMR
contrast as a function of rf frequency and delay time. (c, bottom)
Fitted center frequency extracted from Gaussian fits to the data in
panel (b). Overlaid is the theoretical prediction derived from solving
for the instantaneous energies of the system Hamiltonian. Error bars
are smaller than data points, and represent standard error of fits.

Here, D,s/2n = 2.870 GHz is the NV zero-field splitting,
ve/2mr = —28MHzG™! and y,/27n =307HzG~' the
electron and nuclear gyromagnetic ratios, Q/2m =
—4.9457 MHz [32] the nuclear quadrupolar splitting and
Ay/2r = =2.162MHz and A,/2m = —-2.62MHz the
longitudinal and transverse coupling constants for the
electron-nuclear hyperfine interaction, respectively. It is
simplest to include the effects of physical rotation by
considering the magnetic field as initially parallel to the NV
axis and rotating about an axis z’. In our case z’ makes an angle
of 54.7° to the diamonds rotation axis due to the (100) cut. In
Fig. 3(a), we project the instantaneous eigenstates of H(¢) on
to the bare eigenvectors of H(0) for the initial configuration
of electron and nuclear-spin state that follows immediately
after optical pumping, that is, |mg = 0, m; = +1). This state
adiabatically evolves into an almost equal superposition of
m; = £1 nuclear-spin states, before returning to the initial
state at the completion of the rotation.

To proceed further, we next consider driving the nuclear
spin in the intervening regime with rf, where the NV-magnetic
field angle is significant. Our experimental pulse sequence,
called nuclear optical detected magnetic resonance (NODMR)
is shown in Fig. 3(b). We perform NODMR spectroscopy
at different stages of the rotation by controlling the time
between rf m-pulse (f; = 7 us when stationary) and laser
readout (1 us) at a rotational speed of 1 kHz. We extract the
resonance frequency from Gaussian fits to the data shown
in Fig. 3(c, top) and compare against the expected NODMR
transition frequency predicted by solving for the eigenval-
ues of H(t) for the known magnetic field strength (480 QG),
which shows remarkably good agreement. The time offset is

attributed to the extended duration of the rf pulses: While the
rf Rabi mw-pulse is 7, &~ 7 us while stationary near the field
alignment point, we must increase the pulse duration to 20 us
to see any contrast for delay times where the magnetic field is
at a significant angle. We used a coil antenna that produces rf
fields parallel to the rotation axis, which should therefore re-
sult in a rotationally symmetric 1f rabi frequency. That we see
significant azimuthal angular dependence of the rf coupling as
the diamond rotates implies some other interaction is at work.

V. NUCLEAR-SPIN DEAUGMENTATION

To better understand why the rf coupling is reduced, we
examine several key aspects of how the nuclear spin, aug-
mented by the NV electron spin, couples to the rf field.
At the ESLAC and when B is parallel to the NV axis, the
observed rf Rabi frequencies are oy ~ 20 times what would
be predicted based purely on the '“N gyromagnetic ratio,
vian /2w = 307.7Hz/G, due to the presence of the NV elec-
tron spin [33,45]. The electronic augmentation stems from the
transverse hyperfine coupling interaction, which is quantified
by the constant A, . In the presence of an off-axis magnetic
field, the effective hyperfine coupling has different compo-
nents parallel and perpendicular to the new quantization axis
7/, which is no longer parallel to the NV axis. The Hamiltonian
H in Eq. (1) is diagonalized by the transformation P~'HP =
E, with P the matrix of eigenvectors and £ a diagonal ma-
trix of energy eigenvalues. To reveal the augmentation of the
nuclear-spin gyromagnetic ratio, we transform the rf coupling
Hamiltonian Ht = By(t)(y.Sy + yn1;) into the basis where H
is diagonal, H/; = P~'H,¢P. Eliminating the time dependence
of Hy; with the rotating-wave approximation and computing
the matrix element corresponding to the nuclear-spin transi-
tion of interest, in this case, |mg = 0, m; = +1) — |0, 0), we
have

oy = (0, 0lH/(|0, +1) @

YnBito
for B||z and By the amplitude of the oscillating field. When
the diamond is rotated, the increasingly off-axis magnetic field
tilts the quantization axis further from the NV axis. Since the
nuclear-spin eigenenergies never approach degeneracy (and
the rotation rate f = 1/7T is slow and thus adiabatic), we can
denote the instantaneous eigenstates as |1(¢)) and | (¢)), with
In(0)) = [n(T)) =10, +1) and [£(0)) = [¢(T)) = |0, 0). We
then extract the effective augmentation factor,

ap(t) = 1/ynBieo (S (OIHO)In(1)). 3

In our previous experiment, the rf field was roughly parallel
to the rotation axis. A purely geometric argument, whereby
Q(t) ~ |fa(t) x By|, would have the Rabi frequency remain
constant across the rotation. The tilted quantization axis due
to the magnetic field results in a significant reduction of the
augmented gyromagnetic ratio, resulting in a reduction of the
rf Rabi frequency through a rotation cycle. Large, off-axis
magnetic fields are required for significant state mixing, yet
optical nuclear-spin polarization requires the magnetic field
strictly parallel to the NV axis. Our experiment therefore gives
us a unique opportunity to detect this effect, given that the
angle between the NV and magnetic field is free to assume
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any angle after (and before) optical polarization (readout). In
the next section, we compare experimental measurements of
this effect with theory.

VI. FEED-FORWARD QUANTUM CONTROL

To further characterize the time/angle dependence of gyro-
magnetic augmentation, we would ideally measure the rf Rabi
frequency across the full rotation in an experiment. However,
the large, rapid changes in the transition energy [Fig. 3(c)], far
exceeding our maximum achievable Rabi frequency (70 kHz),
preclude straightforward investigation. We tackle this problem
by applying feed-forward quantum control. With the data in
Fig. 3(c) as a guide, we can synthesize a sine wave signal, fre-
quency modulated in a manner set by the angular variation of
the two-level splitting using an arbitrary waveform generator
(AWG). This feed-forward ensures the rf frequency is always
close to resonance with the nuclear spin throughout the rota-
tion cycle, as shown in Fig. 6(a), eliminating to a significant
extent the strong modulation of the transition energy imparted
by the off-axis magnetic field.

We determine the feed-forward waveform by first mea-
suring the frequency f; of the nuclear-spin transition (while
stationary) to a precision of better than 100 Hz with optimized
magnetic field alignment. From this, we then compute the FM
profile by diagonalizing Eq. (1) for the equivalent magnetic
field By at each azimuthal angle corresponding to the experi-
ment time, assuming that at the peak alignment point 65 ~ 0
and Ony = 54.7°. Using just this simple assumption, we can
obtain high-fidelity rf pulses at any point of the rotation.

We then initiate Rabi oscillations at a delay time 7, with
a variable-duration gated rf pulse from the AWG. The re-
sults are shown in Fig. 4(b), and in Fig. 4(c) we plot the
extracted Rabi frequency. Our experimental results are well
explained by the model and the arguments based on the loss of
gyromagnetic augmentation induced by an off-axis magnetic
field, Eq. (3). Despite the reduced rf coupling, we are able
to control the quantum state of the nuclear spin at essentially
any point throughout the rotation, which enables us to then
deploy interferometric measurement sequences to quantify the
coherence of the rotating nuclear spin.

VII. COHERENCE OF ROTATING NUCLEAR SPINS

The results of the previous section allow us to map out
the angular variation of the rf Rabi frequency and adjust the
pulse durations in a multiple-pulse sequence such as Ramsey
interferometry, or spin-echo. As the control signal is generated
by an arbitrary waveform generator, we have the freedom of
absolute phase control of the rf at any point of the rotation.
To measure the ensemble dephasing time 7," of the nuclear
spins, we use a Ramsey pulse sequence, 7 /2 — t — 7 /2 and
vary the phase of the final rf 7 /2-pulse to trace out fringes.
This way, phase shifts induced by an imperfect feed-forward
profile do not affect the perceived fringe visibility. The spin
coherence time 7, is measured using a /2 —1/2 — 7 —
7/2 — 7 /2 spin-echo sequence, where again the phase of the
final rf pulse is varied to measure the fringe amplitude.

An additional control parameter is the time the pulse
sequence starts at, tp, which allows us to select the state

(a)
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FIG. 4. Feed-forward quantum control of nuclear spins in a
rapidly rotating diamond. (a) Using the observed variation of the
|0, +1) — 10, 0) transition frequency with rotation angle, we gen-
erate a frequency-modulated rf signal using an AWG that ensures
the rf is always resonant with the nuclear-spin transition. The rf
is digitally gated synchronous with the rotation after a delay time
ts, and Rabi oscillations are traced out by varying the gate time.
(b) We are able to drive near-resonant Rabi oscillations at any point
in the rotation which markedly slow down due to the time-varying
electron-nuclear-spin augmentation. Error bars derive from photon
counting statistics. (c) The relative variation of the Rabi frequency
matches well with a fully constrained model of the effective nuclear
gyromagnetic ratio, based on Eq. (3). Error bars represent uncertainty
in fitted Rabi frequencies.

superpositions used in the interferometry sequence.
Figures 5(a) and 5(b) show the pulse sequence, Ramsey and
spin-echo data with the extracted fringe phase and amplitude
for tp =0 and 7p = 200 us. We observe that when the
interferometric interrogation region includes the rapid change
in state populations around the time where the magnetic
field and NV axis come into alignment (0-200 us and 800—
1000 ws), the coherences drop sharply, 7, = 86(9) us and
T, = 186(22) us. When the Ramsey or spin-echo sequence
excludes these regions, the coherence times are much
longer: T, =299(22) us and T, = 2(1)ms. A particularly
stark example of this difference being for spin-echo starting at
200 ps: Around 800 us in Fig. 5, the state populations begin to
change rapidly and the spin-echo signal quickly damps [46].
While excluding the rapidly varying regions improves the
coherence times, our observed rotating coherence times are
still well below that observed when the diamond is held
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FIG. 5. Quantum coherence measurement of rapidly rotating nuclear spins. (a) Pulse sequence: Using feed-forward control of the rf

frequency, and adjusting rf pulse lengths to execute 7 /2 or m-pulses,

we perform Ramsey or spin-echo interferometry on the rotating

nuclear-spin ensemble. The phase of the final 7 /2-pulse is varied to trace out fringes (b). The spin coherence times while rotating are then
derived by fitting an exponential decay to the fringe amplitudes as a function of interrogation time 7. In panel (c), we do the same spin-echo
measurement but restrict T to twice-integer multiples of the rotation period (1 ms). Phase differences accumulated in subsequent periods
cancel, and we recover the spin-echo signal (d). The observed spin coherence time 7, = 5.0(1) ms is close to the measured stationary value of

6.5(4) ms. Error bars in signal data derive from photon counting statistic
sinusoidal amplitude.

stationary (7,* = 1.5ms, T, = 6.5(4)ms). In Fig. 5(c), we
increase the spin-echo time in two-period intervals (2 ms),
with the 1f pulses applied only when the NV axis and mag-
netic field are aligned (tp = 0). Here, we see the contrast
persists to times commensurate with what is observed while
stationary, 7, = 5.0(1)ms, demonstrating coherent quantum
measurement of nuclear spins physically rotating at 1 kHz.

With these results, we can begin to piece together the effect
of rotation on the coherence of the NV nuclear spin. The data
in Figs. 5(c) and 5(d) are compelling evidence that the intrin-
sic coherence of the nuclear spin is unaffected by adiabatic
physical rotation in the presence of a large off-axis magnetic
field. However, the rotation is not necessarily perfect, and
spin-echo contrast observed at 2n period intervals only means
that the period-to-period variability of the rotation speed is
small, since whatever (noisy) phase accumulated in the first
period is canceled in the second period that immediately fol-
lows it. Moreover, if the angular velocity within a period is not
constant, such that the NV axis traces out an ellipse or more
complicated parametric shape each period, then phase effects
from this effect will also be eliminated with spin-echo at two-
period intervals. Loss of coherence at nonperiodic intervals
does not automatically imply that our feed-forward frequency
control is imperfect either, since for coherence to vanish, noise
and irreproducibility must be present.

The most obvious source of noise is the stability of the di-
amond rotation. We performed an independent measurement
of the motor stability using laser detection of a fiducial (see
Appendix C) and found that the period exhibited a typical
standard deviation of 323 ns. Even such small period jitter

s, and error bars on fringe amplitudes are standard error in the fitted

has a disproportionately severe effect on the relative phase
between the local oscillator (the AWG waveform) and the
NV due to the large perturbation induced by the magnetic
field, in particular the rapid variation in transition frequency
close to the magnetic field alignment point. A linear frequency
increase results in a quadratic increase in integrated phase, and
while this is partially canceled by the feed-forward waveform,
small differences in the nuclear-spin phase due to period jitter
are nevertheless amplified quadratically and result in a loss of
phase coherence between the start and end of the frequency
sweep. After tp = 200 us, the phase increases approximately
linearly (the transition frequency is almost constant in time),
and thus coherence loss from period jitter is suppressed. When
the nonlinear phase accumulation begins toward the end of
the period (i.e., total sequence times >800 us), we again see
a sharp drop in coherence.

VIII. CONTINUOUS DYNAMICAL DECOUPLING
OF AN ENSEMBLE OF STRONGLY PERTURBED
NUCLEAR SPINS

The detrimental effect of motor period jitter can be
eliminated by working in a frame where phase accumula-
tion is determined entirely by the phase coherence of the
rf field, dynamically decoupling the nuclear spin from its
environment. Since the rf Rabi frequency varies across the ro-
tation due to gyromagnetic augmentation (Sec. V), multipulse
dynamical decoupling is nontrivial to implement without risk
of introducing significant pulse fidelity issues. We instead opt
to employ continuous dynamical decoupling, or spin-locking,
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FIG. 6. Spin-lock dynamical decoupling of rotating nuclear
spins. (a) AWG pulse sequence. While generating a feed-forward rf
signal synchronous with the diamond rotation, the output is gated
into three pulses, a 7 /2 pulse (zero phase), a variable duration pulse
90° out of phase to the initiation pulse and a final 7 /2 pulse with
variable phase and a duration set by the instantaneous Rabi frequency
(Fig. 4). Laser pulses before (after) prepare (read) the NV spin state.
(b) Sample spin-lock signal fringes for rotation at 1kHz. Error bars
derive from photon counting statistics. (c) Fitted fringe amplitude as
a function of spin-locking time for rotating and stationary diamond.
Error bars are standard error in fitted fringe amplitudes.

in conjunction with feed-forward control. A pure |0, +1) is
prepared at the NV axis-magnetic field alignment point, an rf
7 /2-pulse is then applied followed immediately by a variable
duration spin-locking rf pulse 90° out of phase to the first rf
pulse. After a variable spin-locking time, a final 7 /2-pulse
(calibrated to the requisite length based on gyromagnetic
augmentation) is applied, and its phase varied to reveal
fringes.

The results of spin-lock control for rotation at 1 kHz are
depicted in Fig. 6, and they are compared against stationary
results. The lower amplitude of the rotating data is due to the
deficiencies of state polarization discussed in Sec. III. The
slight dips in contrast coincide with lower Rabi frequency
regions [Fig. 4(c)], we thus attribute the contrast dip to im-
perfect readout (7 /2-pulse) calibration. We also observe a
small but measurable phase change across the rotation, which
we attribute to a time-dependent detuning introduced through
imperfect calibration of the feed-forward profile. Otherwise,
the stationary and rotating spin-lock measurements are in
remarkable agreement, with the spin coherence and phase
before and after a rotation virtually the same. The data in
Fig. 6 demonstrate coherent decoupling of the nuclear spin
while adiabatically rotating in the presence of a significant,
noisy, time-dependent perturbation; that is, the off-axis mag-
netic field. The combination of feed-forward control and
spin-locking allow us to eliminate the significant effects of
the off-axis magnetic field, jitter of the rotation period, and
effectively even the rotation itself, since the nuclear spin

accumulates essentially no phase during the rotation while
under spin-lock control.

IX. DISCUSSION

This work represents the first study of the effects of rapid
physical rotation and significant magnetic field angles on the
quantum properties of the '*N nuclear spin in diamond. Mag-
netic fields used in this work allow rapid polarization of the
nuclear spin via the NV excited-state-level anticrossing, and
an interesting new regime to probe how off-axis magnetic
fields affect the nuclear spin where mixing with the electron
spin is significant. Optical polarization and readout of nuclear
spins can still be achieved while rotating at periods much
shorter than the ensemble dephasing time of the nuclear spin,
and standard quantum state manipulations (7 /2, w-pulses)
can be carried out with high fidelity. The large perturbation
imposed by the off-axis magnetic field leads to considerable
state mixing within each electron spin manifold of the NV,
resulting in a 20% modulation of the nuclear-spin transition
frequency as the diamond is rotated. We counter this effect
with feed-forward control, modulating the rf waveform that
drives the nuclear spins with the same characteristic function
imposed by the magnetic field.

With feed-forward control, the rf and two-level system
remain in resonance despite the significant perturbation of the
off-axis magnetic field, and for the first time we can observe
how the NV nuclear spin behaves in such circumstances. A
key observation we make is that the electronic augmentation
of the nuclear gyromagnetic ratio depends sensitively on the
alignment of the magnetic field, and as a result the nuclear-
spin Rabi frequency drops by almost an order of magnitude
throughout the rotation. While the magnetic field strength
dependence of this effect in diamond spins has been reported
previously [33,45,52], our unique experiment allows us to also
observe the angular dependence. Nevertheless, we retain co-
herent control over the nuclear spin with appropriately tailored
FM quantum control pulses that still execute high-fidelity
gate operations. Using feed-forward control and the standard
quantum sensing protocols of Ramsey and spin-echo interfer-
ometry, we observe the effects of noisy, imperfect rotation on
the coherence of the nuclear spin, and with spin-locking, we
eliminate these effects as well, demonstrating almost com-
plete decoupling of the nuclear spins from the significant
perturbations imposed by rotation.

We attribute the reduced coherence times we see when per-
forming interferometry within a single period as evidence of
imperfect rotation, a conclusion reinforced by the observation
that coherence remains when the interrogation time is set to an
even multiple of rotation periods. Imperfect rotation couples
to the coherence of the qubits magnetically, via the perturbed
transition frequency induced by rotation in the presence of an
off-axis bias magnetic field. While feed forward eliminates a
significant fraction of the relative phase between the rf and the
qubits, noise in the form of period jitter of the motor makes
the relative phase vary with each iteration of the experiment,
an effect accentuated when the transition frequency varies
sharply (i.e., at the beginning and end of the rotation). This
effect is the same for spin-echo and Ramsey, and in spin-
echo the sensitivity can in fact be higher depending on the
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difference between feed-forward signal and qubit transition
frequency.

One avenue of improvement is an optimization procedure
for the feed-forward waveform. To accommodate the possibil-
ity of noncircular rotation, we require an “on-the-fly”” means
of optimizing the feed-forward profile using quantum mea-
surement of the nuclear spins while rotating. However, this
is a nontrivial undertaking, given the subtle, more interesting
effects of rotation such a procedure may erase. There are two
nontrivial quantum phases that the qubit accumulates while
rotating that are related to the geometric Berry phase [47,48].
The first of these relates to the path the rf field traces out in
real space, and its subsequent appearance in projective Hilbert
space (the Bloch sphere), which we reported on previously in
Ref. [38]. The second is the “conventional,” state-dependent
Berry phase equivalent to the solid angle swept out by the
quantization axis of the system (tilted from the N-V axis
by the magnetic field) as the diamond is rotated. Due to
the significant electron-nuclear state mixing, the Berry phase
accumulated by the nuclear-spin quantization axis in our ex-
periment is no longer simply the solid angle swept by the N-V
crystallographic axis, as considered in Refs. [16,17]. Calcula-
tion of the Berry phase in such a strongly mixed system is thus
comparatively more involved, and could unveil new insights:
The solid angle swept by the nuclear spin is presumably larger
than that of the NV electron, given the NV-magnetic field
angle can be as much as 109° and the NV quantization axis
is comparatively weakly perturbed by the magnetic field. In
a rotating quantum interferometry sequence, we detect an
indistinguishable combination of these “interesting” physical
effects and more mundane effects such as an offset or skew
in the feed-forward profile compared to the transition fre-
quency. Before a rigorous, definitive quantum measurement of
rotationally induced phases can be undertaken, further work
is needed to better understand how the desired phase and
systematic effects can be distinguished.

The unique capabilities developed in this work lay the
foundations for several interesting avenues of future inquiry.
While here we have considered ensemble NV diamond sam-
ples, everything discussed in this work is equally applicable
to physically rotating single spins [37,38], which have more
potential applications in quantum information processing set-
tings. A further intriguing possibility is employing other
nuclear-spin species, such as '3C, which couple to each other
via the dipolar interaction in natural abundance samples. An
interesting interplay is then expected between NV-mediated
nuclear hyperpolarization and spin diffusion [49,50] and
rotational averaging of homonuclear couplings, since the ex-
perimental configuration in our work emulates that of NMR
magic-angle spinning [23,51].

Devoid of the nuclear quadrupole interaction exhibited by
the spin-1 N nucleus, the ground-state splitting of the "N
is only ~200 kHz, allowing exploration of the regime where
rotation speed, Rabi frequency and Larmor frequency are all
comparable. Additionally, the nuclear-spin-state mixing ob-
served in this work would be radically different in the case
of 1°N, with the nuclear spin more inclined to follow the
external magnetic field due to the absence of the intrinsic
quadrupole axis. Finally, extension to the ground-state-
level anticrossing (GSLAC) and the consequent effects on

gyromagnetic augmentation [33,45,52] would be possible
with a stronger magnetic field than used in our experiments.

X. CONCLUSIONS

In this work, we have demonstrated quantum measurement
and control of an ensemble of nuclear spins rotating in the
presence of a large, off-axis magnetic field. We have shown,
for the first time, how feed forward of the rf drive can be used
to maintain coherent control of the nuclear spins even when
the magnetic field is orthogonal to the NV axis. Furthermore,
we reveal how imperfect rotation couples to the coherence
of the nuclear spins, and using continuous dynamical decou-
pling, preserve the coherence of the spin ensemble over a full
rotation period. Our work highlights the unique flexibility the
NV center in diamond brings to quantum sensing, allowing
access to a long-lived nuclear quantum memory embedded
within a robust substrate that can be rapidly rotated at quantum
coherent timescales. We also harness the power of dynam-
ical decoupling to suppress all traces of the large magnetic
perturbation and noisy, imperfect rotation, effectively giving
us the ability to induce physical rotation on-demand. This
work allows study of the NV-'*N spin system in the pres-
ence of strong, arbitrarily aligned magnetic fields, opening
a wide range of possibilities for practical quantum sensing
[20,21] and fundamental quantum science with rotating sys-
tems [4,6,36,38,53,54].
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APPENDIX A: EXPERIMENTAL SETUP

The experimental setup is essentially the same as that
described in Ref. [38], with the single-NV diamond sample
replaced with an electronic grade diamond sample (E6, [N] =
ppm, [NV] = ppb) and the three-axis magnetic field coils
replaced with a single NdFeB permanent magnet aligned at
an 54.7° angle to the rotation axis. A full diagram is shown in
Fig. 7.

The experimental setup consists of a home-built confo-
cal microscope and a high-speed electric motor (Celeroton
CM-2-500, controlled by a CC-75-500 converter) capable of
rotation speeds up to 500 000 rpm. The motor is housed in
a block of aluminium that is kept under precise temperature
control using a PID controlled peltier module. A long-working
distance microscope objective (Nikon PlanFluor ELWD 50x,
0.6NA, 11 mm WD) mounted on a three-axis piezo scanner
(PI Nanocube P.611) focuses up to 5 mW of 532 nm laser
light onto the diamond sample. The same objective collects
NV fluorescence and directs it via a dichroic mirror onto
an avalanche photodiode (APD, Perkin-Elmer SPCM-14-
ARQH). We typically observe 57 Mcts/s when the magnetic
field is precisely aligned to the NV axis. The magnet itself
is a N38 grade, nickel-coated 6 mm cylinder NdFeB from a

043174-8



QUANTUM CONTROL OF NUCLEAR-SPIN QUBITS IN A ...

PHYSICAL REVIEW RESEARCH 3, 043174 (2021)

dichroic
mirror

microscope
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FIG. 7. Experimental setup block diagram. The motor is housed
in a block of aluminium which is PID-temperature controlled by
a Peltier cooling module. The motor controller outputs a synchro-
nization signal that matches one of the motor drive phases (u, v, w),
which is fed into a delay generator. The delay generator adds a time
delay that is then used to set the instantaneous azimuthal rotation
angle when spinning. The delay generator triggers an FPGA-based
pulse generator, which outputs TTL edges synchronous with the
motor rotation that subsequently control the arbitrary waveform gen-
erator (AWG) and laser (via an acousto-optic modulator, AOM). A
permanent magnet generates a magnetic field of 480 G and is aligned
along the diamond (111) crystallographic axis. A mu-metal shield
(not shown) separates the magnet from the motor.

commercial supplier and mounted on a high-stability kine-
matic mount for alignment.

Optical pulses for preparation and readout are gated using
an acousto-optic modulator (AA Optoelectronic MT80 series
in double-pass configuration). We synchronise the control of
laser pulses and rf/microwave using the phase synchroniza-
tion signal generated by the motor controller. This signal
feeds a delay generator (Rigol DG4162) which triggers a
home-built FPGA pulse generator (Opal Kelly XEM6310).
The synchronous TTL pulses then gate rf switches for laser
or microwave control (Mini-Circuits ZASWA-2-50DRA+)
or directly trigger an arbitrary waveform generator (Tabor
WS8352 350 MHz) for frequency modulated rf pulses used
in quantum feed-forward control experiments. The rf is am-
plified by a Mini-Circuits LZY-22-4+ 30 W rf amplifier and
directed into a coil antenna terminated to ground by a 50 Q
terminator.

APPENDIX B: STATIONARY OPTICAL PUMPING
DYNAMICS AND COHERENCE TIMES

We first present results for a stationary diamond to
determine the steady-state optical pumping dynamics and
nuclear-spin polarization time. Figure 8 shows the PL from
the stationary NV for the nuclear spin initialized into m; = +1
(“bright” state) and m; = 0 (“dark” state) as a function of
time, and the bright-dark state PL difference (contrast) which
is integrated to determine the spin state of the NV-14N system.
We define the pumping time as the 1/e decay of the contrast
following the initial peak. We fit a stretched exponential (n ~
0.8) to the decaying contrast and extract the pumping time for
different optical powers incident on our microscope objective
(NA = 0.6). We observe that beyond an optical power of
2mW, the pumping time asymptotes to ~700ns, while the
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FIG. 8. Stationary nuclear-spin optical pumping dynamics. The
PL from the NV exhibits optical contrast dependent on the '*N
nuclear-spin state, with the m; = 0 state exhibiting an initial dip in
fluorescence compared to the m; = +1 state. The distortion in the PL
profile between 2—4 us is due to a switching transient of the laser.
The state-dependent contrast reduces with a time constant #,, as opti-
cal pumping repolarizes the nuclear spin (inset, left). Since rotation
of the diamond convolves the magnetic field alignment necessary
for nuclear polarization with time-dependent optical pumping, it is
desirable to minimize ¢, to ensure rapid repolarization of the nuclear
spin, which amounts to saturating the optical transition (inset, right),
where we achieve ¢, ~ 0.7 us.

measured count rate begins to level off, indicating that we are
approaching optical saturation of the NV. While the pumping
time underestimates the true nuclear-spin polarization time,
which also includes a dark period for NV electron spin shelv-
ing to dissipate [41], it nevertheless serves as a useful quantity
for assessing the efficacy of optical pumping when the di-
amond is rotating. We also performed measurements of the
nuclear-spin ensemble dephasing time 7,* and coherence time
T, while the diamond was held stationary, shown in Fig. 9.

Ramsey T,* = 1.60(6)ms |
—®- Spin-echo T,=8(2)ms

contrast (arb. units)
g

0 1000 2000 3000 4000
Ramsey, spin-echo time (us)

FIG. 9. A Ramsey experiment with a 1.9 kHz detuning and vary-
ing interpulse time yields a coherence time of 7,* = 1.60(6) ms. A
spin-echo experiment with varying time yields a coherence time of
8(2) ms.
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FIG. 10. Independent period noise estimation with a fiducial. (a) We collected the reflected green light passed back through the confocal
microscope when the focus passes through a surface inclusion on the diamond (a 10 «m hole cut with a laser cutter). We fit a Gaussian dip to
the photodiode signal and compute the difference between subsequent dips to estimate the period. (b) Fitted period deviation at 1 kHz rotation
speed, for 1000 periods. We find the standard deviation of the motor period is 323 ns, a simple estimate for the rotation period noise.

APPENDIX C: PERIOD JITTER ESTIMATION

The rotational period of the motor “jitters,” in that
period-to-period it varies in a noisy manner. We sought to
independently quantify period jitter by measuring green light
reflected by an inclusion on the diamond’s surface, which
when measured in a time series exhibits a characteristic
dip well approximated by a Gaussian function (Fig. 10).
Using a photodiode to record the reflected light, we ac-
quired data for ~1000 rotation periods. Fitting a Gaussian

function to the observed signal dip due to the surface in-
clusion [Fig. 10(a)], we extract the center time of the dip,
which then allows us to deduce the time variation between
subsequent dips, i.e., the motor period. A typical time se-
ries of fitted center times is depicted in Fig. 10(b), which
displays a standard deviation of 323 ns. This simple measure-
ment allows us to estimate how much the motor period varies
and compare against our observed quantum measurement
signals.
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